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DIAGNOSTICS

Abnormal Findings on Magnetic Resonance
Images of the Cervical Spines in 1211

Asymptomatic Subjects

Hiroaki Nakashima, MD, * Yasutsugu Yukawa, MD, T Kota Suda, MD,+ Masatsune Yamagata, MD,§

Takayoshi Ueta, MD, 1 and Fumihiko Kato, MD+

Study Design. Cross-sectional study.

Objective. The purpose of this study was to determine the
prevalence and distribution of abnormal findings on cervical spine
magnetic resonance image (MRI).

Summary of Background Data. Neurological symptoms and
abnormal findings on MR images are keys to diagnose the spinal
diseases. To determine the significance of MRI abnormalities,
we must take into account the (1) frequency and (2) spectrum of
structural abnormalities, which rmay be asymptomatic. However, no
large-scale study has documented abnormal findings of the cervical
spine on MR image in asymptomatic subjects.

Methods. MR images were analyzed for the anteroposterior spinal
cord diameter, disc bulging diameter, and axial cross-sectional area
of the spinal cord in 1211 healthy volunteers. The age of healthy
volunteers prospectively enrolled in this study ranged from 20 to
70 years, with approximately 100 individuals per decade, per sex.
These data were used to determine the spectrum and degree of
disc bulging, spinal cord compression {SCC), and increased signal
intensity changes in the spinal cord.

Results. Most subjects presented with disc bulging (87.6%), which
significantly increased with age in terms of frequency, severity,
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and number of levels. Even most subjects in their 20s had bulging
discs, with 73.3% and 78.0% of males and females, respectively.
In contrast, few asymptomatic subjects were diagnosed with SCC
{5.3%) or increased signal intensity (2.3%). These numbers increased
with age, particularly after age 50 years, SCC mainly involved 1
level (58%) or 2 levels (38%), and predominantly occurred at C5-
C6 (41%) and C6-C7 (27%).

Conclusion. Disc bulging was frequently observed in
asymptomatic subjects, even including those in their 20s. The
number of patients with minor disc bulging increased from age 20
to 50 years. In contrast, the frequency of SCC and increased signal
intensity increased after age 50 years, and this was accompanied by
increased severity of disc bulging.

Key words: magnetic resonance image (MR}, abnormal findings,
asymptomatic, cervical, disc degeneration, disc bulging, spinal cord .
compression, increased signal intensity, cervical myelopathy, aging,
cross-sectional studly.

Level of Evidence: 2

Spine 2015;40:392-398

agnetic resonance image (MRI) is a useful tool for
Mthc diagnosis of cervical spine disorders. Surgeons

plan spinal surgical procedures based on neurologi-
cal symptoms and abnormal MRI findings. However, there
is an ongoing debate on the validity of abnormal MRI find-
ings to make such decisions because they are also frequently
reported in asymptomatic subjects.!® The relevance of abnor-
malities on MR image depends on the frequency and spec-
trum of asymptomatic structural abnormalities,

To our current knowledge, most of the previous studies
relating to asymptomatic abnormal findings on cervical spine
MR image were limited to small cohort studies®® and the
population were not equally distributed in each decade.'?
Moreover, few studies investigated abnormal findings in the
spinal cord,? whereas majority of the studies reported on
disc degeneration.'” Pinally, there are little data available
on the frequency or severity of asymptomatic cervical spinal
canal stenosis, or increased signal intensity (ISI) changes,1°
which is the representative sign on MR image for cervical
compressive myelopathy.?
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In cervical compressive myelopathy, static and dynamic
factors are the main contributing factors of cervical spinal
cord compression (SCC).'»'* The static factors are the struc-
tural spondylotic changes causing canal stenosis and subse-
quent compression,’>!3 Disc degeneration is suspected as the
initiating event of these spondylotic changes that might result
in SCC.123 However, there are no data available on the rela-
tionship between disc degeneration and SCC.

The purpose of this study was to determine the frequency
and severity of abnormal findings on cervical spine MR image
in a large cohort of asymptomatic subjects, namely disc bulg-
ing, SCC, and ISI changes, and investigate the spatial relation-
ship between disc bulging and SCC.

MATERIALS AND METHODS

A total of 1230 healthy volunteers were examined using cet-
vical spine MR image between February 2006 and February
2008. Subjects recruited were between 20 and 79 years. We
recruited the patients viz newspaper advertisements and
posters in facilities having some sort of relationship with our
hospital. Thus, the majority of subjects were not patients at
our hospital but healthy residents of the area, The hospital
where this study was performed is in one of the biggest cie-
ies, Nagoya in Japan, and the majority of the subjects lived
within its city limits. The exclusion criteria included a his-
tory of brain or spinal surgery, comorbid neurological dis-
ease (e.g., cerebral infarction or neuropathy), symptoms
related to sensory or motor disorders (numbness, clumsiness,
motor weakness, or gait disturbances), or severe neck pain.
Pregnant females, and individuals who received workmen's
compensation, or presented with symptoms after a motor
vehicle accident were also excluded. Subjects with other
comorbidities (smoking, diabetes, hypertension, and others)
were included in this study. This study was approved by the
institutional review board, and each patient signed a written
consent form.

All participants underwent imaging analysis and clinical
examination by 2 spinal surgeons (EK. and K.S.). The MRI
data from 1211 subjects were included in the analysis, after
excluding those with measurement difficulties resulting from
artifacts, such as motion or metals. MRIs were performed
with a 1.5-T superconductive magnet (Signa Horizon Excite
HD version 12; GE Healchcare, Britain, United Kingdom).
The scans were taken at slice thicknesses of 3 and 4 mm in
the sagittal and axial planes, respectively. T2-weighted images
(fast spin echo TR, 3500 ms; TE, 102 ms) were obtained in
sagittal scans. Axial scans were performed using T2-weighted
images {fast spin echo TR, 4000 ms; TE, 102 ms). All images
were transferred to a computer as Digital Imaging and Com-
munications in Medicine data to measure the anteroposterior
diameter of the spinal cord, disc bulging diameter, and axial
cross-sectional area of the spinal cord, both at the disc and
midvertebral level, using imaging software (Osiris4; Icestar
Media Ltd., Essex, United Kingdom). Disc bulging, SCC, and
ISI change in T2 sagittal images were individually recorded.

By definition, SCC was identified when the anteroposterior
diameter of the spinal canal at the narrowest level is less than

Spine

or equal to the anteroposterior diameter of the spinal cord
at the mid C5 vertebral body level (Figure 1).* This defini-
tion is based on the fact that (1) a sagittal diameter of the
spinal canal at the C5 vertebral body level on radiograph is
generally used to define developmental stenosis of the cervi-
cal spinal canal and (2) there was no case of SCC at the mid
C§ vertebral body level in our previous report.* Disc bulging
was defined as the intervertebral disc protruding posteriorly
by more than 1 mm. ISI changes in the spinal cord were clas-
sified into 3 groups based on sagittal T2-weighted images as
shown in our previous article!®: grade 0, none; grade 1, light
(increased intensity, but less intense compared with cerebro-
spinal fluid signal); and grade 2, intense (similar intensity to
cerebrospinal fluid signal). Grades 1 and 2 signal-intensity
changes were included in this study.

Statistical Analysis

The Fisher exact test or ¢ test was used to evaluate differences
in abnormal findings between 2 consecutive decades. We plot-
ted receiver operating characteristic analysis to determine the
cutoff value to know (1) how big of a disc-bulge diameter
would cause SCC to occur more frequently, and (2) how
much SCC would increase ISI incidence. A P value less than
0.05 was considered statistically significant. All analyses were
conducted using SPSS version 21 {SPSS, Chicago, IL).

Figure 1. Definition of spinal canal compression by cervical magnetic
resonance imaging.'* The AP diameter of the spinal canal at the nar-
rowest fevel (white double arrow; B) AP diameter of the spinal cord
at the mid C5 vertebral body (white double arrow; A). AP indicates
anteroposterior.
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RESULTS

The 1211 asymptomatic volunteers included in this study
were equally distributed among age classes, from the third
to the eighth decade of life (Table 1). Approximately, 50% of
the subjects had passive occupations, mainly as office work-
ers, teachers, or service providers, whereas 28% of them had
physically demanding occupations, like housekeepers, build-
ers, and manufacturers {Table 2).

Disc Bulging

Most asymptomatic volunteers {87.6%) had significant disc
bulging. The incidence was already very high in the subjects in
their 20s, with 73.3% of the males and 78.0% of the females
having disc bulging (Figure 2A). The frequencies tended to
increase with age from the 20s to the 50s, with a signifi-
cant increase from the 30s to the 40s in males (P < 0.05).
The number of bulging discs in each subject also increased
with age (Figure 2B). In the subjects in their 20s, the average
number of levels implicated was 1.5 = 1.3 and 1.0 = 1.4 for
males and females, respectively. Thereafter, the sex difference
was lost as the number of levels increased significantly from
the 20s to 40s (P < 0.05 to 0.001), and reached a platean
(approximately 2 levels) in the 40s. The average disk displace-
ment gradually increased with age from the 30s to the 60s
(P < 0.05; Figure 2C), reaching 2.5 = 0.7 mm and 2.0 +
0.7 mm in males and females in their 70s, respectively.

Spinal Cord Compression

The diagnosis of SCC was confirmed in 64 (5.3%) subjects.
The age and sex distribution of the SCC cases is presented in
Figure 3A. Ossification of the posterior longitudinal ligament
(OPLL} was observed in § people (0.4%) as in our previous
report.’ Although our population was Japanese, the major-
ity of SCC cases were due to other degenerative changes.
There was no case of SCC ir the subjects in their 20s, and the
number increased gradually with age. In addition, SCC was
more common in males than in females in all generations.
Thirty-seven cases had SCC in 1 level, 24 in 2 levels, 2 in 3
levels, and 1 in 4 levels; they were located predominantly at
C5-C6 (41%) and C6-C7 (27%; Figure 3B). The axial cross-
sectional area of the dural sac was 112.5 * 23.3 mm? in cases

20-29 101 100
30-39 104 99
40-49 100 100
50-59 99 103
60-69 101 103
70-79 101 100
Total 606 605
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Office workers 196
Teachers 196
Service providers 101
Doctors, nurses, and medical coworkers 58
Sales persons 57
Students 16
Subtotal = 624 (51.5%)
Housekeepers 193
Builders : 78 .
Manufacturers 54
Carriers 15
Farmers 3
Subtotal = 343 (28.3%)
Unemployed persons 124
Others 100
Unknown. 20
Subtotal = 244 (20,1%)
Total 1211

of SCC. The most severe case of SCC had a 77.6% reduction
in cross-sectional area at C5-C6, compared with the C5 mid-
vertebral body (Figure 4).

Increased Signal Intensity

A small fraction of the subjects (N = 28; 2.3%) exhibited sig-
nificant changes in ISI on T2 sagittal images. The distribution of
ISI cases per decade and sex is shown in Figure SA. This MRI
abnormality was more common in males than females of all
generations, as in the case of SCC. The incidence of IS increased
with age, particulacly after the 50s, reaching 9% and 4% for
males and females in their 70s, respectively. Most cases of ISI
(89%) involved 1 level. Every ISI coincided with the level of
SCC, primarily at C4-~C5 (36%) and C5-C6 {54 %) (Figure 5B).

The Relationship Between Disc Bulging, SCC, and 15l
A disc bulge of more than 1.35 mm was a risk factor for SCC
(area under curve = 0.87, P < 0.0001, Figure 6A), and an
SCC area of less than 128.5 mm? was a risk factor for ISI
{area under curve = 0.92, P < 0.0001, Figure 6B).

Presentation of the Most Severe Case of SCC

The patient was a 77-year-old male with no clinical subjec-
tive symptoms, such as gait disturbance or numbness in his
extremities. His manual muscle test results were 5. The result
of the 10-second grip and release test'® was 21/22 times in the
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Figure 2. Frequency.distribution of disc bulging in asymptomatic sub-
jects. A, Frequency distribution of disc bulging with age and sex. B,
Frequency distribution of the number of levels involved in disc bulg-

ing. C, Impact of age and sex on disc displacement {mm). Values are
mean + SD. *P < 0.05, +P < 0.001, SD indicates standard deviation.

right/left hand, respectively, and the result of the 10-second
step test's was 15. The deep tendon reflex, triceps, patella,
and Achilles tendon reflex were hyper, whereas the deltoid,
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Figure 3. Frequency distribution of cervical SCC in asymptomatic sub-
jects. A, Frequency distribution of SCC with age and sex. B, Frequency

distribution of SCC along the spine. SCC indicates spinal cord com-
pression,

C3-4

biceps, and brachioradialis tendon reflex were normal. Trom-
nex-Hoffman sign'? were negative on both sides, but the Wart-
enberg sign' was positive on both sides. MR image showed
fusion of the CS5 and C6 vertebrae, and local kyphosis at C4—
C6 (Figure 4). SCC was detected at C4-C5 and C5-C6, with
181 at C5-Cé.

DISCUSSION

This study constituted the largest prospective evaluation
of cervical spine MR image in asymptomatic subjects. This
comprehensive survey demonstrated that small disc bulging
was frequently observed even in the subjects in their 20s. In
addition, the number of patients with minor disc bulging and
the number of levels with small disc bulging increased from
age 20 to 50 years. In contrast, the frequency of SCC and ISI
increased after age 50 years, and this was accompanied by
increased severity of disc bulging.

The increasing incidence of cervical disc bulging with aging
among asymptomatic subjects has been extensively docu-
mented.!® Cervical disc degeneration or bulging is frequently
reported in asymptomatic subjects in their 40s and 50s.* In
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Figure 4. Spine magnetic resonance imaging T2-weighted sagittal im-
age of a 77-year-old asymptomatic male. There is fusion of the C5 and
C6 vertebrae, and local kyphosis at C4-C6. Spinal cord compression
detected at C4-C5 and C5-C6, with high-signal intensity change at
Cs-Ce. '

this study, the number of cases and levels with small disc bulg- .

ing increased and reached a plateau in the 50s. However, the
severity of disc displacement continued to increase even after
the 50s. Such disc bulging enlargement with age is highly sus-
pected as a cause of spinal canal stenosis after the 50s.

Spinal canal stenosis is also known to gradually increase
with age.’** The reduction in spinal canal size occurred more
frequently at the disc level than at the midvertebral level,
particularly at C5-C6.* In addition to disc bulging, cervi-
cal spine alignment change could be another cause of SCC.
Cervical lordosis in the neutral position increases with age,
particularly in the 60s.*® Changes in cervical alignment could
compensate. for the growing spinal canal stenosis with age.
Spinal canal stenosis occurs by pincers effect, which defines
pinching of the spinal cord between the ligamentum flavum
and intervertebral disc. This effect is more pronounced in the
lordotic alignment.”® Accordingly, more severe pincer effects
could occur in older populations with large disc bulging and
lordotic alignment.

Bew reports mentioned the severity of spinal canal ste-
nosis in an asymptomatic population.’” Teresi et al’ noted
that the reduction in cross-sectional area of the spinal
cord never exceeded 16% in the asymptomatic popula-
tion. However, in this study, the most severe case of SCC
showed the reduction of the cross-sectional area exceeding

396  www.spinejournal.com
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Figure 5. Frequency distribution of 1| changes on MR image in asymp-
tomatic subjects. A, Frequency distribution of 151 with age and sex. B,

Frequency distribution of 1Sl along the spine. 13! indicates increased
signal intensity; MR, magnetic resonance image.
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75%. Although the critical value at which symptoms mani-
fest is not clear, a significant degree of SCC can be toler-
ated without any symptoms. Hamburger et al®® reported
the axial cross-sectional area of the dural sac in patients
with cervical myelopathy; the preoperative and postopera-
tive areas were 92 * 37 mm?® and 154 * 36 mm?, respec-
tively. The axial cross-sectional area of the dural sac was
113 mm? in cases of SCC in our asymptomatic subjects,
and the cross-sectional area in cases of SCC in asymptom-
atic subjects was not as severe as in cases with symptom-
atic cervical myelopathy. The severity of stenosis was just
midway between that of the pre- and postoperative con-
ditions of patients with symptomatic cervical myelopathy.
This result could be valuable for knowing the degree of
stenosis in symptomatic patients.

Although we performed receiver operating characteristic
analysis to detect a relationship between disc bulging, SCC
and IS), disc bulge of more than 1.35 mm is not particularly
severe, and so it seems likely that the combination of devel-
opmental canal stenosis, hypertrophy of ligamentum flavum,
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Figure 6. The ROC curves to determine (A) how big of a disc-bulge di-
ameter would cause SCC to occur more frequently, and (B) how much
SCC would increase 151 incidence, A, The relationship between disc
bulging and SCC. B, The relationship between SCC and 15, SCC in-
dicates spinal cord compression; 151, increased signal intensity; ROC,
receiver operating characteristic.

and deformity of cervical spine is whar is important for the
oceurrence of SCC.121

This study has some limitations. First, the survey was lim-
ited to the Japanese population, which does not rule out racial
differences. Second, this large cohort included subjects with
a wide variety of occupations in terms of physical demand,
which may influence the progression or severity of cervical
degenerative disease. Third, we used our original definition
of SCC. To objectively and quantitatively evaluate SCC in
asymptomatic subjects, we newly established this definition
of SCC. In the other previous articles, SCC was defined as
the presence of a defect in the cord, a definition that was

Spine

subjective and not quantitative.’® Especially in asymptom-
atic cases, interobserver reliability in SCC is not very high
because canal compression in those cases was not severe.!
Qur definition is useful in asymptomatic subjects, however
this might not be useful in symptomatic cases, especially ones
with severe deformity or continuous type OPLL, and so fur-
ther discussion is needed.

CONCLUSION
This large prospective analysis of cervical spine MRJ data in
asymptomatic subjects demonstrates the high frequency and
multiple levels of degenerative change in the spinal cord and
discs. Then, it is dangerous to make interventional decisions
only by judging degenerative changes using MR images alone.
The results in this study alerted us to the fact that clini-
cal decision making should be prudent, correlating MRI
findings with clinical signs and symptoms. Future studies
are required to monitor the progression of asymptomatic
SCC to identify the MRI abnormalities that would pre-

dict the emergence of symptomatic cervical degenerative
disease.
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Prospective study of deep vein thrombosis in patients

with spinal cord injury not receiving anticoagulant therapy

S Matsumoto, K Suda, S limoto, K Yasui, M Komatsu, C Ushiku, M Takahata, Y Kobayashi, Y Tojo, K Fujita

and A Minami

Study Design: Prospective cross-sectional study.
Ohjectives:
therapies.
Setting: Spinal Cord Injury Center in Hokkaido, Japan.
Methods:

To investigate the timing of deep vein thrombosis (DVT) onset secondary to spinal cord injury without anticoagulant

¥

Between November 2012 and June 2013, patients with spinal cord injun} who were admitted to our hospital within 1 day

after the injury and treated surgically within 24 h underwent a.neurological examination, leg veiri ultrasonography and o-dimer test 1,3,

7, 14 and 28 days after surgery. All patients received treatment wit

without any anticoagulant.

h intermittent pneumatic compression and elastic stockings, but

Results: DVT developed in 12 patients {11 men and 1 women), with a mean age of 62.2 years (range, 41-80 years; mean age of total
sample, 63.2 years (range, 25-78 years)}, all distal to the popliteal vein, DVT occurred more often with a more severe paralysis (66.3%,
AIS A and B). The median (+- standard error) length of time from the operation to DVT detection was 7.5+ 2.2 days. The mean o-dimer
level upon DVT detection was 14.6+11.8 pgmi~, with no significant differences between those who developed DVT and those who

did not at any of the time points.

Conclusion: These results suggest that DVT can develop at the very-
4 more severe paralysis, DVT detection was more reliable with ultras

acute stage of spinal cord injury and the incidence increases with
onography, which should be used with DVT-preventive measures,

beginning immediately after the injury, for the management of patients with spinal cord injury.
Spinal Cord (2015) 53, 306-309; doi:10.1038/s¢.2015.4; published online 3 February 2015

INTRODUCTION -
Deep vein thrombosis (DVT) is one of the most dangerous compli-
cations of a spinal cord injury. DVT has a high incidence in patients
with spinal cord injury as compared with patients with other diseases!
with a high mortality rate if complicated by pulmonary embolism.2
Although prevention, early detection and timely treatment of DVT
are important during the management of patients with spinal cord
injury, the timing of DVT onset secondary to a spinal cord injury has
not yet been determined. In order to clarify these problems, this study
ajimed to investigate the timing of DVT onset by prospectively
analyzing the patients immediately after a spinal cord injury.

MATERIALS AND METHODS

A prospective study was conducted in all patients with spinal cord injury
admitted to our hospital between November 2012 and June 2013 within 1 day
after the injury and treated surgically within 24 h. A neurological examination,
leg vein ultrasonography and clotting system test (D-dimer) was performed 1, 3,
7, 14 and 28 days after surgery, Leg vein ultrasonograply was carried out by
using an Aplio XG (TOSHIBA, Tokyo, Japan) by experienced sonographers.

Intermittent pneumatic compression (IPC) with a calf pumnp (Kendall SCD-

EXPRESS, COVIDINE, Dublin, Ireland) and elastic stockings (ES) were used in
all eases. The patient were kept foot pump attached throughout the day (except
when the patient left the bed) for at least 2 consecutive weeks. The use of ES
began on the day after the aperation, as far as possible, with a median of 3 days

between the operation and their use, Patients were advised to keep them on,
except when bathing, One patient refused to wear them, and two patients had
difficulty wearing them because of skin irritation. The other patients continued
to use them until discharge from the hospital,

Asarule, we allowed the patients to leave the bed by using a wheelchair from
the day after the surgery, with a median (+ standard errvor) of 3 4:0.7 days from
the surgery, Ten patients were. unable to leave their bed on the day after the
operation because of elective surgery (six cases), mechanieal ventilation (two
cases) and chest tube (two cases).

We certify that all applicable institutional and governmental regulations

concerning the ethical use of human volunteers were followed during the
course of this research.

RESULTS

The sample included 25 men and 4 women with a mean age of 3.2
years (25-78 years). The spinal cord injury occurred at the cervical
segment in 19 cases and thoracic/lumbar segment in 10 cases, The
cause of spinal cord injury was a fall from 2 great height in 11 cases,
fall from a low height in 2 cases, same-Jevel fall in § cases, traffic
accident in 4 cases, fall from a staircase in 1 case and sports accident in
3 cases. The median period from injury to hospitalization was 0 day
(0-1 day). Twenty-four patients were admitted to our hospital on the
day of the injury and 5 were hospitalized on the following day. The
severity of paralysis at admission (American Spinal Cord Association

Spinal Cord Injury Center, Hokkaido Chuo Rosal Hespital, Higashi-4 Minami-1, Bibai, Japan
Carrespondence: Or § Matsumoto, Spinal Cord Injury Center, Hokkaido Chuo Rosai Hospital, Higashl-4 Minami-1, Bibaj 0720015, Japan.
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(ASIA) Impairment Scale (AIS)) was A in 9 cases, B in 2 cases, Cin 8 cases and L1—4 in 4 cases, DVT developed in 12 patients (41,4%%6; 11

cases and D in 10 cases. The paralyzed level (ASIA Neurological Level men and 1 woman), with a mean age of 62.2 years (range, 41-80

of Injury {NLI)) was C3-4 in 11 cases, C5-8 in 8 cases, T1-12 in 6  years). In all of these cases, the DVT was located distal to the popliteal

vein, DVT affected both sides in 2 cases, the left side in 5 cases and the
right side in 5 cases. Among these 12 patients, the injured level was the

Table 1a Partici , C cervical segment in 7 cases and thoracic/lumbar segment in 5 cases,

able 1a Participants’ characteristics (N= 29) and the paralyzed level according to the NLI classification was C3-4 in

Variable Total N=29) DVT Positive N=12) & cases, C5-8 in 2 cases, T1-12 in 3 cases and L1-4 in 3 cases, The

ne%) o severity of paralysis (AIS) was A in 7 (58.3%) of these 12 cases, Bin 1
i case {8.3%), C in 3 cases {25.0%) and D in 1 case (8.3%). Thus,

Age (median years) 63.2 (25-78)  62.2(41-80) DVT occurred more often with paralysis of AIS grades A and B

Gender (complete motor paralysis) than with a partill motor paralysis
f[:_ﬂa‘e‘ 22 E?g; 1% %?) {Tables 1a and b). DVT was detected on postoperative day 3 in 3

emaie cases (25.0%), postoperative day 7.in 5 cases (41.7%), postoperative

Lesion fevel day 14 in 1 case {8.3%) and postoperative day 28 in 3 cases (25.0%).
gﬁr:g:'lc 12 E?g; ; g% The median length of time from the opexation t6 DVT detection was
Lumnbar 6 (20 3(25) 7.5+2.2 days (+ standard error} (Table 2).

The mean p-dimer level at DVT detection was 14.6:£13.5 pgml ™!

Causes LY - :

High fall 11 (38) 5 {42) (range, 2.78-44.3 pgmt~!). There was no significarit difference
Low fall 2(7) 3 (25) between the DVT t d D it i

Fail at ground level 8 (28) 207 [ effn nega ve. g.roup an VT p.?m]tlve group i terms
Road traffic accidents 4(14) 1(8) of p-dimer level upon admission or on postoperative day 1, 3, 7, 14 or
Stairs ét% 1% 28 (Mann-Whitney test, P=0.117; 0.059, 0.028, 0075, 0.306 and
Sports 10 @ 0.124, respectively).

AlS The cutoff D-dimer levels determined from the receiver operator
'g ! 3 g}) Z Eg?) characteristic (ROC) curve was 7.34, 7.88, 5.82, 10.99, 11.44, and
c 8 (28) 3 (25} 5.88 at admission and on the postoperative days 1, 3, 7, 14 and 28,
D 10 (34) 1(8) respectively. The sensitivity/specificity (%) at these points of time were

Neum[ogicg[ level of ]njmy B 75.0."70.6, 41.7}'94.1, 72.7/76.5, 55.6/88.2, 60.0/93.3 and 75.0!93.3,
€34 11 (38) 4(27) respectively (Table 3).

058 B (27) 2 (17) pectively { )
T1-12 6 (21) 3 (25)
L1-4 4(14) 3 {(25)

Comorbid infury Table 2 Days of DVT detection
Fracture 131 o
Rib ,

Clavicle <13 0 Veriatble

Scapula 1(3) 0

Radius 27 0 Day detected (days) . .

gatel}la 1(%) 1 (gl POD 1 0 (0)
u

Pneumo/hemathorax 2(7 0 POD 3 3 {25

Period from injury to hospitalization O (0-1) WE) POD7 ' 5 (41)

{median days} . FOD 14 1(8)

Abbreviations: AlS, The American Spinal Cord Injury Assaciation Impairment scale; DVT, deep POD 28 31{28)

vein thrembosis; n, aumber of subject; WE, upper extrimities; L/, lower extrimities. Days from operation {mean, s5.d.) 7.2 (2.2)

Multiple injuiy of the same patient. )

Table 1b DVT participants’ characteristics (N=12)

Va}ia bie s -Case

1 2 3 4 5 & 7 8 g 10 - 11 iz

Age ] 78 72 63 60 66 41 63 53 53 49 80 67

Gender Male Male Male Male Female Male Male Male Male Male Male Male

Lesion level Cervival Lumbar Cervival Thoracic Lumbar Thoracic Cepvival Cemwvival Cenival Cervival Lumbar Cervival

Causes Low fall Lowfall Highfall Highfall Highfall Spots \lowfall Ground Highfall Trafiic  Highfall Ground

AlS A C A A c 8 A A A A [ D

Neurological level of injury . C6 11 c3 T11 L3 T6 o8 ca C3 T Ch L2 T8

Camorbid Injury - - - - - - - - - Patella Fx - -

Period form injury o hospitalization  Day O Day O Day O Day O Day O Day 0 Day 0 Day O Day O Day 0 Day O Day 1

From injury to operation Day © Day O Day O DayQ  Day0 Day O Day O Day O Day O Day 0 Day 1 Day 1

Day of DVT detetion form injury Day3d - Day7 Day28 Day? Day 7 Oay 3 Day 7 Day28 Day7 Day 14 Day29 Day4
From operation Day 3 Day7 Day28 Day? Day 7 Day 3 Day7 Day28 Day7 Day 14 Day28 Day3

Ventilator Tx at DVT detection - - - - - - + - - - — -

Abbreviations: AIS, The American Spinal Cord Injury Association Impairment scale; DVT, deep vein thrombosis; Ground, fall 2t ground fevel; Traffic, road traffic accfdent: T, trea'm!ent: -, none,
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Table 3 Value of D-dimer in DVT positive group
Varlable Mean o-dimer leve! (range) (ug mi=1) Cutoff (ugmi~1) Sensitivity (%) Specificity (%)
ovr positive OVT negative P-value
At admission 30.9 (1.2-99.6) 16.7 (1.1-84,0) Q.117 7.34 75 70.6
POD 1 7.5 (2.9-21.0) 3.8(0.8-7.9) 0.059 7.88 41.7 94.1
POD 3 11.6 (1.8-35.4) 5.4 (1.5-16.4) 0.0287 5.82 727 %7 76.5
POD 7 13.5 (4.6-44.3) 6.2 (1.6-16.8) Q.075 10,85 56.6 88.2
POD 14 8.5 (2.8-14.5) 6.9 (1.5-22.0) 0.306 11,44 60 93.3
POD 28 9.9 (1.9-21.0) 4.7 (1.1-15.09 0.124 5,88 - 75 86.7
Abbreviation: DVT, deep vein thrombaosis,
Mann-Whitenay U test.
DISCUSSION potentially fatal complication, and it seems advisable o use p-dimer
Timing and incidence of DVT in spinal cord injury patients only as an auxiliary indicator.
Concerning the pathogenesis of DVT, the three major factors in Diagnostic reliability is highest with leg ultrasortography. The
Virchow's triad (blood retention, capillary wall disorder and blood sensitivity of ultrasonography in detecting leg DVT is reported to be
coaguilopathy) ate well known.? After spinal cord injury, paralysis is 98-100% and its specificity to be 75-100%.1%12 This is an excellent
accompanied by reduced vascular contraction (because of a sympa-  method for the noninvasive screening of DVT.!3 Shortcomings of this
thetic nperve disorder) and reduced venous return (because of modality include the amount of time and labor required. For spinal
disturbed mu.scle confraction), lleadi{qg to b.loc.)d n'atention.‘* Fl:trther- cord injury accompanied by paralysis, periodic leg ultrasonography is
mol:e, i Posmblc- Joss of the circadian vanatl_on m. hf'.mos‘tanc 'fmd indispensable. The results of the present study suggest that frequent leg
ﬁbrm?l?rtu: function has 'a150'-ln cen sqggested n pa:hents with spinal ultrasonography, beginning immediately after injury, is needed for
cord injury. Thus, DVT is quite likely to develop in the presence of . . .
. . . . patients with severe paralysis (AIS A-C).
spinal cord injury. Considering the known mechanisms for the onset
of DVT, we need to bear in mind that the risk for DVT increases with Prevention of DVT )
more severe paralysis and the i.ncidence‘ of DVT is part.icularliy high in In patients with a spinal cord injury, the incidence of DVT is quite
patients with complete motor paralysis associated with spinal cord hi . . . .
L s L v igh, and active measures for prevention are important, beginning
mjury.”® In other words, the incidence of DVT is high in paralyzed LT . N
patients with spinal cord injury; therefore, early detection and from t?e e:'cute stage of mjury, The basic p Tncip, les .for DYT
treatment are essential in such cases, prevention include the pr.eventlon.of venous retention, stimulation
For early detection, we need to understand the timing associated ~Of venous return, and anticoagulation, with the use of ES, IPC and
with DVT onset; however, we have little information regarding the low-dose unfractionated heparin (LDUH), respectively. In the present
timing of DVT onset. In a retrospective analysis of 52 patients, Study, ES and IPC were used immediately after injury, but this
Sugimoto et al” reported that they observed DVT 2-13 days after ~approach could not prevent DVT from occurring These results
injury of the cervical segment of the spinal cord, suggesting that DVT  indicate that it is necessary to include LDUH in the treatment of
can develop soon after spinal cord injury. To the best of our paralyzed patients with spinal cord injury. However, since patients
knowledge, the present study is the first to prospectively document  with spinal cord injury often have hemorrhaging around the spine or
the timing of DVT onset in patients with a spinal cord injury, with spinal cord, physicians are often cautious about the use of LDUH
analysis commencing immediately after their injury. We detected no  because bleeding inside/outside the spinal cord is likely to aggravate
DVT positive patient on Day 1 but 3 patients were positiveon Day 3,5  tha paralysis,
on Day 7, 1 on Day 14 and 3 on Day 28. Recommendations provided in the American College of Chest
As a result, DVT was detected 3 days after injury in 25% of the Physicians Guidelines'® include the use of low-molecular weight
patients who developed DVT. Especially in the group of AIS A as heparin (LMWH) upon confirmation of hemostasis (Grade 2B),
complete paralysis, DVT occurred in 78% of patients. These findings combined use of IPC and LDUH (Grade 2C), combined use of IPC
indicate that proactive DVT prevention and diagnosis, beginning 14 poiy cases where anticoagulants are contraindicated (Grade 1C+),
immed%ately after the injury, are {ndlspensable in the management of and treatment with LMWH or an oral-dose vitamin K antaganist
the patients with a spinal cord injury. during rehabilitation (Grade 1C). Christie et @l!* recommended
o 10 G DVT i sy cord s e A i 71 s et i
p-dimer measurement and leg ultrasonography are predominantly b ;n dg' he incid P V‘gI‘ L N 1; _ e
used for the diagnosis of DVT. However, according to a study of VR etecte. in the incidence o or hemorrhagic complications
patients who developed DVT after total knee or hip replacement Petween patients receiving 5000 U of unfractwfaated heparin every 8 h
surgery, both the sensitivity and specificity of p-dimer are low, a‘?d T.hose Tecelving 3_0 mngLMWH every 12 h_’ Jf.treatmentwa.s started
indicating that p-dimer alone does not provide a sufficient means of *~ Within 72h after injury.!> We hav? no ObjeCUOI.l. to the view that
DVT diagnosis.®’ Similar results were obtained in the present study, LMWH or LDUH has a central role in the prevention of DVT among
and the D-dimer level varied depending on the timing of the patients with spinal cord injury, even in the patients treated surgically,
measurement, indicating a limitation in the accuracy of diagnosis ~However, there is 2 particular need to establish the use of these drugs
based on D-dimer levels. DVT-inducing pulmonary embolism is a  during the acute stage of spinal cord injury.
Spinzal Cord
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CONCLUSION

1. DVT can develop at the very-acute stage of spinal cdrd injury.

2, The incidence of DVT ipcreased with more severe paralysis,

3. Ultrasonogtaphy is a sifiple and valid means of detecting DVT.

4. Frequent ultrasonogtraphy during early stage is useful for detecting
asymptomatic DVT in acute SCI patients.
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Advantage of Pedicle Screw Placement Into
the Sacral Promontory (Tricortical Purchase)
on Lumbosacral Fixation

Minori Kato, MD, PhD,* Hiroshi Taneichi, MD, PhD*t and Kota Suda, MD, PhD*

Study Design: Retrospective clinical study.

Objective: To evaluate the clinical outcome of the tricortical
method for lumbosacral fixation,

Summary of Background Data: Despite advances in surgical
techniques, failure to achieve solid arthrodesis of the lumbo-
sacral junction continues to be significant clinical problems. To
overcome these problems, tricortical purchase fixation has re-
cently been advocated and studied. In this methad, a trajectory
directly into the medial sacral promontory is used to gain pur-
chase in the dorsal, anterior, and superior cortices. This fixation
method has been shown to double the insertional torque of the
classic bicortical technique,

Methods: Patients who had undergone lumbosacral fixation
were included in this study. The average area of fusion was 1.7
segments. The patients were divided intc a tricortical fixation
group (TF, o = 98) and a nontricortical fixation group {(non-TF,
n = 33). We examined clinical outcome [Japanese Orthopaedic
Association scoring system (JOA score)], fusion status, and the
characteristics and safety of pedicle screwing in both groups. To
identify risk factors for postoperative loss of lordosis (post-
operative loss of >5 degrees in L5/S1 disk angle), risk factor
analysis was performed by multivariate logistic regression,

Results: In TF and non-TF, the JOA score changed from 13.4
and 13.8 points at surgery to 24.9 and 23.8 points, respectively,
at final follow-up, and the recovery rate was 73.7% and 64.2%,
tespectively. Pseudoarthrosis of the fused L.5/S1 occurred in 3
patients in whom the lumbosacral spine had not been fixed by
tricortical purchase. The screw angle was 22.0 and 16.1 degrees
in TF and non-TF, respectively, that is, a significant difference
was shown. Significantly fewer TF cases encountered the risk of
injured vascular tissue compared with non-TF, Non-TF (OR,
3.37) and correction of the L5/81 disk angle (OR, 1.11) were
significant risk factors for postoperative loss of lordosis.
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Conclusions: In patients who underwent short-segment lumbo-
sacral fusion, TF enhanced postoperative stability at the lum-
bosacral junction. Pseudoarthrosis did not 6ccur in patiénts who
underwent TF, and the risk of vascular injury was less. TF is
regarded as a successful technique in short-segment lumbosacral
fixation.

Key Words: lumbosacral spine, fixation, pedicle screw, pseudo-
arthrosis

(f Spinal Disord Tech 2015;28:E336-E342)

Despite advances in surgical techniques, failure to
achieve solid arthrodesis of the lumbosacral junction
continues to be a significant clinical problem. This is the
result of various anatomic, biological, and mechanical
factors relating to the sacrum, such as the fuged structuie
of bony somites, low bone quality, a thin cortical shell,
and very large, medially convergent S1 and sub-S1 pedi-
cles.'~? Thus, indications of lumbosacral fixation include
complications such as pseudoarthrosis, loss of lordosis,
sacral fracture, and failure of instrumentation (loosening, '
pullout, screw breakage, implant migration, and so
on).** An understanding of the sacral bony anatomy and
the structures at risk is key to a well-considered sacral
fixation.

The principal starting point for any sacral fixation is
usually the use of S1 pedicle screws. There are 2 basic
insertion techniques for S§1 pedicle fixation, unicortical
and bicortical. Because of the largely cancellous nature of
the S1 pedicle, unicortical insertion results in poor fix-
ation with toggling, loss of fixation, and screw pullout.
Consequently, bicortical purchase has been the standard
for many years. The classic trajectory is described as
paralleling the S1 endplate, with appropriate medial
convergence necessary to avoid the common iliac vessels
located on the anterior surface of the sacrum.®!? How-
ever, the ideal method for fusion to the sacrum thus re-
mains controversial. Options for posterior fixation to the
sacrum, including sacral screws with extension to the
ilium or combined anterior and posterior surgery, have
been selected in cases of severe osteoporosis or in those
requiring long fusion.

To overcome these problems, tricortical purchase
fixation has recently been advocated and studied

J Spinal Disord Tech » Volume 28, Number 6, July 2015
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Tricortical Purchase on Lumboesacral Lixation

v

(B slcor il fisation
(B bicortical fixation

Bl : t7icortical fixatian

FIGURE 1. Alateral view of the sacrum demonstrates the 3 trajectories of $1 pedicle screwing including unicortical, bicortical, and

tricortical fixation.

(cf. Fig. 1).'!2 In this method, a trajectory directly into
the medial sacral promontory is used to gain purchase in
the dorsal, anterior, and superior cortices. This fixation
method has been shown to double the insertional torque
of the classic bicortical technique.!* In addition, this
trajectory is considered to introduce less risk of vascular
injury compared with the trajectory of the bicortical
method. Although this new fixation technique has been
studied, its clinical advantages in short-segment lumbo-
sacral fixation have not been documented. The purpose of
this study was to evaluate the fixative efficacy and safety
of tricortical purchase fixation in lumbosacral fixation,

MATERIALS AND METHODS

Between 2002 and 2006, 131 patients at the
Hokkaido Chuo Rosai Hospital (formerly Bibai Rosai
Hospital) who had undergone lumbosacral fusion with
bilateral lumbar and sacral pedicle screws systems for
degenerative lumbar disease were included in this study
(80 men and 51 women). The average age of subjects at
the time of surgery was 56.5 years (range, 27-85y) and the
mean follow-up period was 31 months (range, 24-41 mo).
The initial consecutive material comprised 155 patients,
24 of whom were lost to follow-up. These comprised 38
cases of congenital or isthmic spondylolisthesis, 37 of
degenerative spondylolisthesis, 18 of lumbar canal
stenosis with instability, 17 of lumbosacral foraminal
stenosis, 8 of degenerative lumbar scoliosis, and 13 others
(multiple operative back, and so on). The area of fusion
was L3-81 in 21 patients, L4-S1 in 57 patients, and L35-

Copyright © 2013 Wolters Kluwer Health, Inc, All rights reserved.

81 in 53 patients, the average being 1,7 segments. The
fusion method was either transforaminal lumbar inter-
body fusion (TLIF) or posterior lumbar interbody fusion
(PLIF) with pedicle screws. Pedicle screw fixation using
the Kaneda Anterior Posterior Spinal System was per-
formed. In both TLIF and PLIF procedures, a carbon
opén box cage was placed anteriorly at L5-S1.

Surgical Procedure :

We aimed to fuse the lumbosacral joint with tri-
cortical fixation (TF) using transparent lateral imaging.
Our starting point for S1 screw insertion was the infero-
lateral angle of the S1 superior articular process. Ori-
entation of the screw trajectory was directed as medially
as possible to sacral midline in the horizontal plane.
Under lateral fluoroscopy, we inserted into the anterior
and superior cortices of the sacral promontory in the
sagittal plane. When the ilium obstructed the trajectory of
the pedicle screw, compromising tricortical purchase, the
ilium was partially resected to facilitate implantation of
the screw. Surgeons aimed to penetrate the anterior cor-
tex of the sacrum by concomitantly probing and checking
the screw position on lateral fluoroscopy. After inspecting
the tunnel with a sounder, the screw was inserted with an
identical trajectory.

Evaluation

Patients were divided into 2 groups, a TF group
(n = 98) and a non-TF group {n = 33). The success of TF
was evaluated based on the direct trajectory of the SI
pedicle screw into the medial sacral promontory to gain

www.jspinaldisorders.com | E337
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purchase in the dorsal, anterior, and superior cortices
using axial and sagittal plane computed tomography (CT)
images. We examined the clinical outcome (fusion status)
and surgical features of pedicle screwing in both groups.
Clinical outcome was evaluated using the Japanese
Orthopaedic Association scoring system (JOA score) and
postoperative recovery rate (JOA recovery rate), which
was calculated as follows: recovery rate (%) = (post-
cperative JOA score—preoperative JOA score) x 100/
(29 — preoperative JOA score), Fusion status was eval-
uated on the final follow-up radiographs, including dy-
namic lateral flexion-extension films, and was assigned
according to the Brantigan criteria'4; that is, fusion (bone
in the fusion area is radiographically more dense and
more mature than originally achieved at surgery) and
probable fusion (bony bridge in the fusion area is at least
as dense as that originally achieved at surgery) were both

considered to represent radiographically demonstrable.

fusion.

To assess the surgical features of pedicle screwing,
the authors investigated the length, diameter, angle of the
screw, and fenestration of the anterior cortex. The safety
aspect of the pedicle screw’s trajectory was also evaluated
by verifying the relative positions of the internal iliac
artery and the trajectory on postoperative CT images.
The authors concluded that screwing is a high-risk tech-
nique whenever a screw and iliac artery come into con-
tact, and that it is low risk when there is no contact
(cf. Fig. 2). We compared the risk between the 2 groups.

Statistically significant differences in these studies
were determined by l-way ANOVA, Mann-Whitney U
test, or > tests, P-values <0.05 were considered sig-
nificant. .

To identify risk factors for postoperative loss of
lordosis after short-segment lumbosacral fixation, risk

FIGURE 2. The safety of the pedicle screw’s trajectory was also
evaluated on postoperative CT imaging. Screwing carries a
high-risk factor whenever a screw and an iliac artery come into
contact (A, screw), but the risk is low when the iliac artery and
screw trajectory make no contact (B, screw). Circles represent
blood vessels {common iliac artery and vein).

E338 [ www.jspinaldisorders.com

factor analysis was performed by multivariate logistic
regression with a software analysis system (JMP version
7). Postoperative loss of lordosis was defined as a post-
operative loss of > 5 degrees in the L5/81 disk angle. For
statistical analysis, postoperative loss of lordosis was used
as a dependent variable, along with the independent
variables age, sex, number of fixed vertebrae, correction
of L5/81 disk angle, sagittal alignment of total spine,
depth of L5 within the pelvis, form of promontory,
average length and diameter of S1 pedicle screw, im-
plementation of TF, and implementation of penetration
of the anterior sacral cortex with the S1 pedicle screw.
The quality of the fit and significance of the model were
evaluated with likelihood ratio test statistics in a stepwise
manner. The sagittal balance was quantified by trans-
lation of the C7 plumb line from a vertical line drawn
from the posterior-superior cortex of the S]1 vertebral
body. The depth of L5 within the pelvis was assessed by
measuring the vertical distance between the midpoint of
the L5 pedicles and the interiliac crest line on the pre-
operative coronal standing radiograph. When the pedicles
of L5 were positioned below the interiliac crest line, the
depth was considered “deep™ and, conversely, the meas-
urement was “shallow” when the pedicles were above the
interiliac crest line. The form of promontoty was decided
as follows: angles of the anterior-superior cortical surface
of the S1 vertebral body <70 and >70 degrees were
judged as sacral and lumbar type, respectively (Fig. 3).

RESULTS

Clinical Outcome

The demographic characteristics for patients are
shown in Table 1. Among the 98 TF patients and 33 non-
TF patients there were no significant differences in dem-
ographic characteristics, Qver both groups, the average
ratio of recovery of JOA score was 71.3%. No patients
exhibited serious neurological complications or iliac vas-
cular injury, Disturbance of adjacent segments after
lumbosacral fusion necessitating reoperation occurred in
3 cases (2 TF and 1 non-TF), All 3 cases were fused at
L4-S1, as the L3/4 disks were impaired. Adding on
fracture was present in 1 case, and 1 patient suffered in-
fection accompanied with meningitis 4 vyears after the
operation.

For TF patients, the JOA score increased from 13.4
at surgery to 24.9 at final follow-up, and the recovery rate
was 73.7%. For non-TF patients, the JOA score increased
from 13.8 to 23.8, and the recovery rate was 64.2%. Pa-
tient recovery rate for TF was high compared with non-
TF, although this difference was not significant.

Pseudoarthrosis of the fused L5/S1 occurred in 3
cases in which the lumbosacral vertebrae were not fixed
by TF. These cases were fused at L3-81, L4-§1, and L5~
81, respectively; the screws had become loosened by
surrounding osteolytic change, with 1 case requiring re-
operation. Pseudoarthrosis of fused vertebrae at other
level (L4/5) occurred in 2 cases fixed by non-tricortical
technique. The recovery rate of JOA score in these 3 cases

Copyright © 2013 Wolters Kiuwer Health, Inc. Al rights reserved.
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FIGURE 3, A 67-year-old woman with L4 degenerative spondylelisthesis and L5/S1 degenerative disk underwent L4-51 trans-
foraminal lumbar interbody fusion. Preoperatively, she had pain in the right lower limb and lower back. The lumbosacrum was
fixed using the tricortical method. The JOA score was 19 preoperatively and 28 postoperatively. A and B, Preoperative myelogram
(A, extension; B, flexion}. C, Preoperative T2-weighted MR image (sagittal plane). D and E, Postoperative plain roentgenogram

(D, AP view; E, lateral view). F, Postoperative CT image.

of pseudoarthrosis of the fused L5/S1 in non-TF patients
was 31.3%, which was significantly lower than that of
cases without lumbosacral nonunion.

Characteristics and Safety of Pedicle Screwing
Screw length was 45,0 and 38.9mm, and diameter
6.9 and 6.8 mm, in TF and non-TF, respectively, that is,
there were no significant difference between groups.
However, there was a significant difference in the angle of
the screw (TF, 22.0 degrees; non-TF, 16.1 degrees). To
achieve tricortical screwing, the surgeons performed
partial resection of the ilium in 29 TF cases (29.6% of all
TF cases), and this was considered to have resulted in
securing a deeper angle for implant trajectory. Evaluation
of the penetration of the anterior cortex of the sacrum by
the S1 screw revealed that the right side was penetrated in

Copyright © 2013 Wolters Kluwer Health, Inc. All rights reserved.

80 TF and 29 non-TF cases, the left side in §1 TF and 30
non-TF cases, and bilaterally in 77 TF and 29 non-TF
cases. The prevalence of penetration through the anterior
sacral cortex with the 81 pedicle screw was lower in TF
than in non-TF (78% and 87%, respectively). Table 2
summarizes the characteristics of pedicle screwing.

In TF, the trajectory of the S1 pedicle screw put 26
cases at risk of vascular injury (26.5%), whereas 15 non-
TF cases (45.4%) were at risk. Significantly fewer TF
cases encountered the' risk of injured vascular tissue
compared with non-TF (Table 3).

Loss of Lordosis

Postoperative loss of lordosis was present in 23
patients, with an incidence of 19%. Factors examined in
stepwise analysis were age, sex, implementation of TF,
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Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

_2 3_



Kato et al

TABLE 1. Demographic Characteristics

Group TF Group Non-TF

Characteristi¢ (98 cases) (33 cases)
Age (¥) 56.1 (15.6) 577 (13.9)
Sex (male/fernale) 60/38 20/13
Preoperative JOA score (points) 134 (4.2) 13.8 (4.1)
Time of operation (min) 289 (90.1) 305 (106)
Blood loss during operation (mL) 868 (491) 884 (467)
Follow-up period (mo) 30 (8.5) 34 {9.9)
No. fused segment 1.7 (0.95) 1.7 (0.89)
Sagittal balance (mm) 459 (41.1) 39.6 (44.4)
Depth of L5 within pelvis {case)

Fair 62 19*

Deep 25 - 12

Shallow ! 2
Form of promontory {case)

Sacral type 87 17

Lumbar type 11 16¥

Values are mean (SD).
*Significant difference in comparison with group TF.
TF indicates tricortical fixation.

sagittal alignment of total spine, correction of L5/81 disk
angle, and depth of L5 within the pelvis. The implant
angle, length, and diameter of the S1 pedicle screw,
and achieving anterior sacral cortical penetration by
the S1 pedicle screw in TF were not significant risk
factors. Table 4 shows the adjusied effect estimates [odds
ratio (OR)] for the final predictive model as determined
by multivariate logistic analysis. Nonimplementation of
TF {OR, 3.37) and correction of the L5/81 disk angle
(OR, 1.11) were significant risk factors for postoperative
loss of lordosis. These findings demonstrate that the im-
plementation of TF decreases the occurrence of post-
operative loss of lordosis.

DISCUSSION

As lumbosacral fixation techniques and their related
theories have continued to develop, several studies have
reported various instrumentation strategies for lumbo-
sacral fixation and the use of anterior grafts, anterior
instrumentation, supplementary points of sacral fixation,
or iliac extension to improve stabilization of the lumbo-
sacral junction. However, increasing the level of internal

J Spinal Disord Tech » Volume 28, Number 6, july 2015

fixation may increase implant-related complications.
Methods to expand an anchor to the ilium feature longer
lever arms but are associated with the problems of iliac
implant breakage or sacroiliac joint arthritis and pain.!?
Bulky implants are associated with prominent and painful
hardware.!®17 Placement of an intrasacral rod through
the S1 screw into the ala of the sacrum, as relgorted by
Jackson, is a complicated operative technique.'® To ach-
ieve solid arthrodesis in long fusion to the sacrum, such as
that required for the treatment of neuromuscular scoliosis
and severe degenerative scoliosis and in patients with se-
vere osteoporosis, fixation to expand an anchor to the
ilium may be needed. However, an S1 pedicle screw sys-
tem alone is ideal for short-segment fixation of the lum-
bosacral spine.

The present study revealed that TF effectively en-
hanced the postoperative stability of lumbosacral re-
construction in patients with short-segment fusion. In this
method, which does not require a complex surgical
technique, the lumbosacral spine is fixed by an in-
dependent sacral anchor. This fixation technique may be
useful as an alternative to the standard bicortical ap-
proach. One principal reason for the biomechanical su-
periority of 81 pedicle screw fixation, using the tricortical
technique, over unicortical or bicortical fixation is that
the bone mineral density (BMD) of the sacral promon-
tory is higher than that of other 81 body layers and the
bone in the lateral sacral alar region.!® Tt has been re-
ported that BMD is a useful preoperative predictor of
sacral screw fixation strength. With increase in BMD
comes an increase in screw insertion torque and poten-
tially, a subsequent increase in screw pullout strength
after cyclic loading.2%?2 Lehman et al'? reported that TF
doubled the insertional torque of the -classic bicortical
technique. In this study, pseudoarthrosis of the fused L5/
S1 did not occur in cases of lumbosacral vertebrae with
TF, and we assume it did not occur due to strong fixation
of the lumbosacral spine. Furthermore, In cases
of the lumbosacral joint being fused by the tricortical
technique, postoperative lumbar lordosis was maintained.
Many studies have shown the negative effects of reduced
lumbar lordosis with a fixed spine after spinal in-
strumentation.#*~?° Optimal lumbar lordosis prevents the
anticipated progression of degenerative change that fol-
lows lumbar spine-instrumented fusion. Pseudoarthrosis

TABLE 2. Characteristics of Pedicle Screwing

Group TF Group Non-TF
Characteristic Right Left Right Left
Screw length (mm) 45 (4.8) 45 (4.5) 38.5(4.3) 39 (5.3)
Screw diameter {mm) 7.0 (0.2) 6.9 (0.2) 6.8 (0.2) 6.8 (0.2)
Angle of screw (deg.) 22247 21.8(5.9) 16.1 (3.8)* 16 (24)*
Fenestration of anterior cortex (case) 80 81 : 29 30

Values are mean (SD).

*Significant difference in comparison with group TF.

TF indicates tricortical fixation.
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TABLE 3. Risk of Vascular Injury*

Risk Group TF Group Non-TF
Risk (+} 26 15
Risk () 72 18

Yaluzs are case.
*Significant difference by the %* tests,
TF indicates tricortical fixation.

of the fused L4/5 occurred in 2 cases wherein the lum-
bosacral vertebrae were not fused by TF. This occurrence
might be attributable to nonstrong fixation and the loss of
fused lumbar lordosis, both of which can result in the
screw loosening. TF can reduce the pseudoarthrosis of the
fused spine and the postoperative lumbar lordosis that
conld induce poor clinical outcome, so TF is regarded as
a successful technique for lumbosacral fixation.

The structures that surgeons usually put at risk
while implanting 81 pedicle serews include the common
iliac artery and vein, the L5 nerve root, the colon, and the
sympathetic chain.!%2627 The classic trajectory is de-
scribed as paralleling the 81 endplate with the appropriate
medial convergence necessary to avoid the common iliac
vessels located on the anterior surface of the sacrum.
Several studies have suggested that anteromedial screw
placement also provides a larger “safe zone” for avoiding
neurological injury.?® Furthermore, while implanting
bicortical S1 pedicle screws, the surgeon must penetrate
the sacral anterior cortex to obtain sufficient bio-
mechanical strength, yet this procedure of penetration
might enhance the risk that the screws will cause neuro-
vascular injuries. Therefore, we wanted to confirm that
the trajectory of tricortical screwing is more convergent
than that of classic screwing as well as to examine whether
penetrating the sacral anterior cortical bone is necessary
for implanting tricortical S1 screws. The present study
showed that the screw trajectory in TF is more convergent
and incurs a lower risk of vascular injury. In addition, the
strength of fixation obtained by the tricortical technique,
which provides sufficient purchase in the hard sacral
promontory, is such that it is not always necessary for
the screw to penetrate the anterior cortex. In contrast, the
bicortical method requires that the screw penetrate the
anterior cortex, thus increasing the risk of vascular injury.

TABLE 4, Risk Factors for Postoperative Loss of Lordosis

Variables OR (95% CI) P
Age 1.02 (0.56-4.2) 0.22
Men (vs. women) 0.97 (0.93-1.01) 0.39
Non-TF (vs. TF) 3.37 (1.24-9.26) 0.016*
Sagittal balance 1.05 (0.59-1.01) 0.41

Correction of L5/81 disk angle
Deep-seated L3

111 {1.03-1.2)
0.6 (0.24-1.42)

0.033*
0.252

*Significant difference.
C1 indicates confidence interval; OR, adjusted odds ratio; TF, tricortical fix-
ation.

Copyright © 2013 Wolters Kluwer Health, Inc. Al rights reserved.

The tricortical method is therefore beneficial by reducing
the risk of neurovascular injury,

Compared with conventional fixation {unicortical
and bicortical), tricortical purchase requires accurate
targeting of the apex with the exact length of screw, which
is time consuming and technically difficult, Use of trans-
parent lateral imaging and partial resection of the ilium to
obtaiit a proper implant angle for the screw are keys to
success, Kaptanoglu et a1?? suggested that the level of iliac
resection should be decided preoperatively by evaluating
CT scans acquired parallel to the trajectory of the Si
screws, In this study, 98 patients (74.8%) were fused by
TF, of which approximately one third required partial
resection of the illum for an appropriate implant angle to
be achieved. Ota et al*® reported that the paraspinal ap-
proach can lead to easier placement of medially oriented
screws. TF may be regarded as an implant method that is
not technically difficult using the above techniques,

There are some limitations to this study: the first
and major being that it was retrospective. This study was
not a precise comparative study and may include bias. A
prospective comparative study would be necessary to
demonstrate the efficacy of TF. The present study dem-
onstrated that TF effectively enhances the postoperative
stability of lumbosacral reconstruction in patients with
relatively short-segment fusion. Failure to achieve solid
arthrodesis in long fusion, including the lumbosacral
junction, continues to be a significant clinical problem.
Further research is needed to determine the effectiveness
of a combination of TF and other spinopelvic fixation (ie,
Jackson technique or iliac screw fixation) for long fusions
to the sacrum, such as those required for treatment of
neuromuscular scoliosis and severe degenerative scoliosis
and in patients with severe osteoporosis.

CONCLUSIONS

TF enhanced postoperative stability at the lumbo-
sacral junction in patients who underwent short-segment
lumbosacral fusion. This study demonstrated that pseu-
doarthrosis did not occur in patients after TF, in com-
parison with those undergoing non-TF; tricortical screwing
carries a lower risk of vascular injury. TF is regarded as a
successful technique in lumbosacral fixation.
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CERVICAL SPINE

Cervical Disc Protrusion Correlates With the
Severity of Cervical Disc Degeneration

A Cross-Sectional Study of 1211 Relatively Healthy Volunteers

Hiroaki Nakashima, MD,* Yasutsugu Yukawa, MD, T Kota Suda, MD,* Masatsune Yamagata, MD,§

Takayoshi Ueta, MD, § and Fumihiko Kato, MD+t

Study Design. Cross-sectional study.

Objective. The purposes of this study were (1) to investigate the
frequency and degree of cervical disc degeneration and protrusion
on cervical spine magnetic resonance (MR} images and (2) to
analyze the correlation between the severity of disc degeneration
and disc protrusion.

Summary of Background Data. Cervical disc degenerative
changes or protrusion is commonly observed on MR images in
healthy subjects. However, there are few large-scale studies, and
the frequency and range of these findings in healthy subjects have
not been clarified. Moreover, there are no reports regarding the
correlation between cervical disc degeneration and disc protrusion.
Methods. Cervical disc degeneration and protrusion were
prospectively measured using magnetic resonance imaging in 1211
relatively healthy volunteers. These included at least 100 males and
100 females in each decade of life between the 20s and the 70s.
Cervical disc degeneration was defined according to the modified
Pfirrmann classification system, and the amount of disc protrusion
was evaluated using the anteroposterior diameter of dise protrusion
on sagittal MR image.

Results, Mild disc degeneration was very common, including
98.0% of both sexes in their 20s. The severity of cervical disc
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degeneration significantly increased with age in both sexes at every
level. The disc degeneration predominantly occurred at C5-Cé6 and
C6-C7. The difference between sexes was not significant except for
individuals in their 50s. The average anteroposterior diameter of disc
protrusion increased with aging, especially from the 20s to the 40s.
The anteroposterior diameter of disc protrusion increased with a
progression in the disc degeneration grade.

Conclusion. Cervical disc degeneration and protrusion were
frequently observed in healthy subjects even in their 20s and
deteriorated with age. Cervical disc protrusion was significantly
correlated with cervical disc degeneration, and spatial cervical disc
protrusion was affected by biochemical degenerative changes as
observed on MR images.

Key words: cervical, disc degeneration, disc protrusion,
asymptomatic, magnetic resonance images, cross-sectional study,
aging.

Level of Evidence: 2
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nous joint between the vertebrae. The intervertebral

disc consists of 3 distinct components, including the
nucleus pulposus, the annulus fibrosis, and the cartilaginons
endplates.! Progressive morphologic and cellular changes
occur with age and degeneration in intervertebral discs.>* Bio-
chemically, proteoglycan fragmentation increases with aging,
and the overall proteoglycan and water content of the disc
decreases, especially in the nucleus.

Magnetic resonance imaging (MRI) provides a noninva-
sive morphologic evaluation of the cervical spine. The signal
intensity of the disc on magnetic resonance (MR} image is
indicative of the chemical composition and likely histological
changes.** The reduction of signal intensity on T2-weighted
MR image correlates with progressive degencrative changes
of the intervertebral disc.’ The brightness of the nucleus cor-
relates particularly well with the proteoglycan concentration
of the disc.* Although these degenerative changes in the cer-
vical disc are often seen on MR image in healthy subjects,®
some of them could be pathological, leading to associated

The human intervertebral disc forms a fibrocartilagi-
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clinical symptoms. It is difficuit to distinguish between aging
discs and pathologically degenerated discs that lead to clinical
symptoms. Thus, it is crucial to analyze the frequency and
range of degenerative changes observed on MR images in
healthy subjects.

As well as signal iritensity changes in the dise, disc protru-
sion Is also frequently observed with aging, “Protrusion” is
commonly used in a nonspecific general sense to signify any
displacement of the disc.®? A disc herniation, on the contrary,
results when a crack in the outer layer of cartilage allows
some of the initér fragmented annulus, nucleus, cartilage, and
fragmented apophyseal bone to protrude out of the disc.5°
Disc herniation is usually a further development of a previ-
ously existing disc protrusion,

Cervical compressive myelopathy is one of the most com-
mon causes of neurological symptoms associated with the
cervical spine.’ Disc protrusion has been suspected to initiate
cervical spinal cord compression.” However, to our knowl-
edge, there are no data about whether this spatial disc protru-
sion has any correlation with biochemical disc degeneration
(DD).

The primary aim of this study was to prospectively inves-
tigate the frequency and range of cervical DD and protrusion
observed on cervical spine MR image in a large cohort of rel-
atively healthy volunteers. We also analyzed the correlation
between the severity of DD and the spatial changes associated
with disc protrusion and then evaluated the influence of DD
on disc protrusion.

MATERIALS AND METHODS

A total of 1230 relatively healthy volunteers were examined
by cervical spine MRI between February 2006 and Febru-
ary 2008. The subjects were relatively healthy volunteers
without neurological symptoms, and the subjects recruited
were approximately 100 males and 100 females in each
decade of life between 20 and 79 years of age (Table 1).3
We recruited the subjects by using newspaper advertise-
ments and posters in facilities having some sort of rela-
tionship with our hospital. Thus, the majority of subjects
were not patients at our hospital but relatively healthy resi-
dents of the area. The exclusion criteria included a history
of brain or spinal surgery, comorbid neurological disease
{e.g., cerebral infarction or neuropathy), symptoms related
to semsory or motor disorders (numbness, clumsiness,
motor weakness, or gait disturbances), or severe neck pain.
We excluded pregnant females, individuals who received
workmen's compensation, and those who presented with
the symptoms after a motor vehicle accident. Subjects with
other comorbidities {(smoking, diabetes, hypertension, and

L

others) were included in this study. The institutional review
board approved this study, and each patient signed a writ-
ten consent form.

All participants underwent imaging analysis by 2 spinal
surgeons {(EK. and K.S.). Finally, The MRI data from 1211
subjects were included in this analysis, after excluding 19
subjects with measurement difficulties resulting from arti-
facts, such as motion artifacts or the presence of metals.
The MR images were obtained with a 1.5-Tesla supercon-
ductive magnet (Signa Horizon Excite HD version 12; GE
Healthcare, Britain, United Kingdom). The images were
obtained at a slice thickness of 3 mm in the sagittal plane.
T2-weighted images {fast spin echo TR, 3500 ms; TE, 102
ms$) wete obtained in sagittal images. All iitlages were trans-
ferred to a computer as Digital Imaging and Communica-
tions in Medicine data to measure the anteroposterior (AP)
diameter of disc protrusion using imaging software (Osiris
4; Icestar Media Ltd, Essex, United Kingdom}. We used a
slice in which the disc protrusion was most prominent in
the sagittal images and measured the AP diameter of disc
protrusion. The posterior aspect line between the rostral
and caudal vertebral body was used as the standard, and
we measured the AP diameter of the disc protrusion from
the standard line to the posterior top of the disc protrusion
(Figure 1). Cervical DD was defined according to the modi-
fied Pirrmann classification system {Figure 2).* To facilitate
comparison of the severity of DI between decades or sexes,
a total score of DD (DD score) at the 6 levels (from C2-C3
to C7-T1) was caleulated by the summation of individual
Phirrmann scores at each level.

Statistical Analysis

Fisher exact test was used to compare the differences between
decades and sexes in DD scores. The Jonckheere-Terpstra
trend test was used to assess whether the AP diameter of disc
protrusion increased depending on DD severity and is indi-
cated by a letter “trend,” followed by a P value. A P value
of less than 0.05 was considered statistically significant. All
analyses were conducted using SPSS version 21 (SPSS, Chi-
cago, IL).

RESULTS

The severity of cervical DD increased with age at every level
in both sexes (Figure 3). Mild DD was observed in the 20s
(98% in both sexes). Although grade VI DD was not identi-
fied in the 20s and the 30s, it appeared after the 40s and then
increased further with age. The C5-C6 and C6-C7 discs were

the first and second most severely degenerated discs in every
decade.

*

101

Female

103
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Figure 1. The measurement methad for the anteroposterior diameter of
the dise protrusion on magnetic resonance image, The posterior aspect
line between the rostral and caudal vertebral body was used as the
standard, and we measured the anteroposterfor diameter of the disc
protrusion from the standard line to the posterior top of the disc protru-
sion {white double arrow).

The DD score increased with age in both sexes (Figure 4).
A DD score of 6 (the minimal score) was found only in the
20s. A DD score of 13 or more was found in more than half
of the cases belonging to the 50s or older age groups. The
total score was 13 or more in more than 95% of the cases
in the 70s. The number of DD scores of 13 or more signifi-
cantly increased with aging (P < 0.05 to P < 0.001), and the
amount of the increase was very significant from the 20s to
the 50s (P < 0.005). The difference between sexes was signifi-
cant only in the 50s (P = 0.03), in which a DD score of 13 or
more was more frequent in males.

The average AP diameter of disc protrusion increased with
aging, especially from the 20s to the 40s (Figure 5). The disc
protrusion at C5-C6 was most prominent, and the disc pro-
trusion at C6-C7 was second most prominent in all decades
and both sexes. On the contrary, the disc at C2-C3 protruded
the least.

The relationship between the severity of DD and disc pro-
trusion is shown in Figure 6. The AP diameter of cervical
disc protrusion increased with a progression in the DD grade
(P < 0.05 to P < 0.001).

E776 www.spinejournal.com
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Figure 2. Algorithm for the grading system and assessment of cervical
disc degeneration grade using the modified Pfirrmann classification
system.

DISCUSSION

This largest cross-sectional study of cervical MR images in
relatively healthy subjects showed that (1) mild cervical DD
and protrusion started in the 20s, (2) cervical DD and protru-
sion progressed with age, especially from the 20s to the 50s,
mainly at C5—-C6 and C6-C7, and (3} the degree of cervical
disc protrusion was significantly correlated with the severity
of DD.

Cervical DD and protrusion are some of the abnormal
findings most commonly seen on MR images in relatively
healthy subjects, and they are frequently observed in subjects
aged 40 to 50 years.%” These degenerative changes, which-
occur throughout life, have been biochemically analyzed.??
Proteoglycan fragmentation starts during childhood, and the
overall proteoglycan and water content of the disc decreases
with increasing age, especially in the nucleus.® These changes
are enhanced by adverse genetic, biomechanical, and nutri-
tional factors.?

The reduction of signal intensity on T2-weighted MR
image correlates with the progressive degenerative changes of
the intervertebral discs.® The brightness of the nucleus corre-
lates particularly well with the proteoglycan concentration.*
These indicators of DD on MR image are observed even in
a younger population; Matsumoto et af” reported 17% and
12% prevalence in males and femnales in their 20s, respec-
tively, and Boden ef aff reported 8% in patients younger than
40 years. In the present largest cohort study, mild DD of at
least 1 level was observed in 98% of both sexes in their 20s.
DD was identified more frequently in subjects in their 20s
than we previously expected, although evaluation methods
of DD were different across studies. Several reports men-
tioned that lumbar discs in males were more degenerated
than those in females,'*% but there were few differences in
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the loading of the discs based on weight or profession. Fur-  sion has been simulated in cadaveric discs, and mechani-
ther studies are needed to elucidate the different prevalence  cally induced prolapse occurs most in discs from patients
of DD dependent on sex between the cervical and lumbar  aged 30 to 40 years.'? It is difficult to induce disc protrusion
spine. in severely degenerated discs in the laboratory. It has been
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suggested that this is because the nucleus is no longer able
to exert hydrostatic pressure on the annulus.>"? However,
the amount of disc protrusion was significantly larger in the
severely degenerated discs in the current study. Proteogly-
can works as a resistance against compression forces.® Discs
might protrude further if relatively large vertical forces were
loaded onto severely degenerated discs. Thus, cervical disc
protrusion was highly correlated with biochemical degenera-
tion in the disc.

There were some limitations to the present study. First, the
survey was limited to the Japanese population, so racial dif-
ferences were not taken into account. Second, only relatively
healthy subjects were enrolled in this study. This could have
led to a selection bias in favor of relatively healthy partici-
pants. Third, we compared different individuals between ages
because this study was cross-sectional rather than longitudi-
nal, Fourth, although the subjects were all relatively healthy,
some had pathological backgrounds or occasional mild neck
pain, and these pathological or mild symptomatic back-
grounds could affect the results. Fifth, the MR images were

i) & ) ) m ;
15 $ 15 P - 15 1
D e e e oé * "’.._ e o ‘ Dé 5
05yttt S Ty - 0.5 3]
O_JEbpﬂéiﬁéky_xq o MR T
o &

not evaluated by radiologists but spifte surgeons. This might
have affected the sensitivity and specificity of the radiographi-
cal evaluation. Sixth, the AP diameter of the disc protrusion
was measured in sagittal images to reduce interobserver mea-
surement error. This was because, in the axial images, the
focation of the anterior standard point from which the AP
diameter was measured differed from observer to observer.
Care must be taken when the measurement data are used in
future because the AP diameters measured in axial and sagit-
tal images are different.

In conclusion, this large-scale cross-sectional analysis of
cervical spine MRI data in healthy subjects demonstrates
that cervical DD and protrusion occur more frequently at an
carlier age than what was previously reported, Spatial disc
protrusion is highly correlated with the progression of DD.
By comparing the DD and protrusion data from the rela-
tively healthy subjects in this study with that of symptomatic
patients in future, we think that the current data in relatively
healthy volunteers could be helpful for determining the DD
pattern resulting in symptoms.

C5-G6
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Figure 6. Mean anteroposterior diameter of cervical
disc protrusion In each cervical disc degeneration
grade at each level. Values are mean * SD. *P <
0.05; 1P < 0.001. M indicates male; F, female; ns,
not significant.
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CrLiNicaL CASE SERIES

A Study of Risk Factors for Tracheostomy in
Patients With a Cervical Spinal Cord Injury

Jun Tanaka, MD,* ltaru Yugue, MD, PhD, Keiichiro Shiba, MD, PhD,! Akira Maeyama, MD, PhD,*

and Masatoshi Naito, MD, PhD*

Study Design. A retrospective, consecutive case series.
Objective. To determine the risk factors for a tracheostomy in
patients with a cervical spinal cord injury.

Summary and Background Date, Respiratory status cannot
be stabilized in patients with a cervical spinal cord injury (CSCH)
for various reasons, so a number of these patients require long-
term respiratory care and a tracheostomy. Various studies have
described risk factors for a tracheostomy, but none have
indicated a relationship between imaging assessment and the
need for a tracheostomy. The current study used imaging
assessment and other approaches to assess and examine the risk
factors for a tracheostomy in patients with a CSCI.

Methods. Subjects were 199 patients who were treated at the
Spinal Injuries Center within 72 hours of a CSCl over 8-year
period. Risk factors for a tracheostomy were retrospectively
studied. Patients were assessed in terms of 10 items: age, sex,
the presence of a vertebral fracture or dislocation, ASIA Impair-
ment Scale, the neurological level of injury (NLI), PaO,, PaCOs,
the level of injury on magnetic resonance imaging (MRI}, the
presence of hematoma-like changes (a hypointense core sur-
rounded by a hyperintense rim in T2-weighted images} on MR,
and the Injury Severity Score.

Items were analyzed multivariate logistic regression, and
P < .05 was considered to indicate a significant difference.
Results, Twenty-three of the 199 patients required a tracheost-
omy, accounting for 11.6% of patients with a CSCI. Univariate
analyses of the risk factors for tracheostomy revealed significant
differences for six items: age, Injury Severity Score, presence of
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fracture or dislocation, ASIA Impairment Scale A, NLi C4 or
above, and MRI scans revealing hematoma-like changes. Multi-
variate logistic regression analyses revealed significant differ-
ences in terms of two ftems: NLI C4 or above and MRI scans
revealing hematoma-like changes. Thirty patients had both an
NLl C4 or above and MRI scans revealing hematoma-like
changes. Of these, 17 (56.7%) required a tracheostomy.
Conclusion. Patients with an NLI C4 or above and MRI scans
revealing hematoma-like changes were likely to require a
tracheostomy. An early tracheostomy should be considered for
patients with both of these characteristics.

Key words: arterial blood gases, ASIA impairment scale,
cervical spinal cord injury, hematoma-like changes on magnetic
resonance imaging, imaging assessment, injury severity score,
neurological level of injury, risk factors, tracheostomy, vertebral
fracture or dislacation.

Level of Evidence: 3

Spine 2016;41:764-771

with a cervical spinal cord injury {CSCI) for various

reasons, so a number of these patients require long-
term respiratory care and a tracheostomy. Numerous stud-
ies have reposted that respiratory dysfunction is closely
associated with morbidity and mortality in CSCL*® and
respiratory dysfunction leads to massive financial expenses.’
The cause of death for patients with a CSCIis often a urinary
complication or a respiratory complication.¥* A recent
study from abroad has reported that respiratory compli-
cations represent the leading cause of death in patients with
a CSCL® and the same is true in Japan.*

In the acute phase of CSCI, spinal shock can have
an effect and the patient’s respiratory status might be
unstable, so temporary ventilator management is often
required.* '€ If the patient’s respiratory status fails to
improve with temporary ventilator management and long-
term intubation is required, a tracheostomy is often per-
formed. Performing a tracheostomy early on is known to
be useful in reducing respiratory complications, as various
studies have reported®*16~%; however, unnecessary intuba-
tion and unnecessary tracheostomies are known to increase

R espiratory status cannot be stabilized in patients
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the risk of complications in both the short and long term.”

Exaggerating the usefulness of an early tracheostomy can
result in unnecessary tracheal intubation or an unnecessary
tracheostomy. Thus, predicting true risk factors for intuba-
tion or a tracheostomy in patients with a CSCI is important.

Various studies have described risk factors for a trache-
ostomy in patients with a CSCI. These include advanced
age,”** complete paralysis,16-H1417:39-2223 5 high level of
neurological paralysis,>%'*2! the patient’s general con-
dition prior to the injury and a prior history of lung dis-
5812 5 high injury severity score (ISS),%7 a history of
smoking,® and a low forced vital capacity upon admission.”

Nevertheless, no previous studies have indicated a
relationship between imaging assessment (radiographs,
computed tomography, or magnetic resonance imaging
[MRI)} and the need for a tracheostomy. The current study
used imaging assessment and other approaches to assess and
examine the risk factors for a tracheostomy in patients with
a CSCL .

METHODS

Subjects were 199 patients who were treated by the Depart-
ment of Orthopedic Surgery of the Spinal Injuries Center
within 72 hours of a CSCI over 8-year period from January
1, 2005 to December 31, 2012. Patients consisted of 165
males and 34 females ranging in age from 14 to 91 years
with a mean age of 61.9 years.

All patients were examined by two or more physicians
and a physical therapist upon admission, and patients were
assessed neurologically. In addition, the presence or absence
of a vertebral fracture or dislocation was assessed using X-
ray films or computed tomography scans and the presence or
absence of cord damage was assessed using MRI scans in all
patients upon admission. Surgery (anterior spine fusion,
posterior spine fusion, or anterjor spine fusion and posterior
spine fusion,) was performed on patients with apparent
spinal instability. Arterial blood gases were measured in
all patients upon admission. If patients had apnea or venti-
latory failure prior to initial admission and they needed
assistance breathing, a tracheostomy was performed on the
day of admission. If, however, a patient’s respiratory status
gradually worsened after admission, intubation was per-
formed at the discretion of the patient’s primary physician in
accordance with the patient’s respiratory status. When long-
term ventilator management was considered necessary, a
tracheostomy was performed. This Center has not formu-
lated definite standards for intubation and tracheostomy,
although blood gas results of PaO, 70 mm Hg or less and
PaCO, at least S0mm Hg serve as somewhat of a guide,
regardless of whether O; is administered.

Medical records, the patient’s discharge summary, and
imaging findings upon admission and discharge were
retrospectively studied.

The following items were studied retrospectively: age,
sex, the presence or absence of a vertebral fracture or
dislocation at the level of injury, the American Spinal
Association (ASIA) Impairment Scale (AIS), the neurological

Spine

level of injury (NLI), PaO; according to a blood gas analysis,
PaCO; according to a blood gas analysis, the level of injury
on MRI, hematoma-like changes on MRI (presence or
absence of a hypointense core surrounded by a hyperintense
rim in T2-weighted images), and the ISS.

Statistical analyses were done using the Jump11 statisti-
cal software package from SAS Institute Inc. (Cary, NC).

In instances wherein there was no avulsion fracture of the
anterior aspect of the vertebral body or a spinous process
fracture in conjunction with a hyperextension injury, no
bone injury on MRI scans, and no need for surgery due to
the lack of spinal instability, bone injury or dislocation was
deemed to be absent. In addition, the NLI was the most
caudal segment wherein normal motor and sensory function
were intact. If hematoma-like changes were present, the
level of those changes served as the level of injury on MRL If
those changes were absent, the segment wherein the center
of a wider ranging hyperintensity was located on T2-
weighted images served as the level of injury on MRI
(Figure 1A, B).

Age, PaQ,, PaCO,, and the ISS were assessed as con-
tinuous variables. To increase statistic power, the AIS, the
NLI, and the level of injury on MRI were dichotomized as an
ATS A or not, an NLI C4 or above ornot, and a level of injury
on MRI C3/4 or less or not,

RESULTS

A total of 199 patients with a cervical spinal cord injury
were treated at this center over 8-year period. Patients
consisted of 165 males and 34 females ranging in age from
14 to 91 years with a mean age of 61.9 years. All of the
patients had suffered blunt trauma. Sixty patients {(30.1%)
had a vertebral fracture or dislocatien.

The extent of paralysis upon admission was AIS A in 66
patients (33.2%), AISBin 38 (19.1%), AISCin 51 (25.6%),
and AIS D in 44 (22.1%). The NLI upen admission was C2
in 1 patient {(0.5%), C3in 10 (5.0%), C4 in 90 (45.2%), C5
in 62 (31.2%), C6 in 19 (9.6%), C7 in 6,{3.0%), C8 in 1
(0.5%}, and T1 in 10 {5.0%) (Table 1).

All of the patients underwent an MRI upon admission,
and hyper-intensity changes on T2-weighted images were
noted in all of the patients. The level of injury on MRI was
C2/3 in 5 patients (2.5%), C3 in 2 (1.0%), C3/M4 in 70

. (35.2%), C4 in 4 (2.0%), C4/S in 49 (24.6%), C5 in 10

(5.0%), CS/6 in 29 (14.6%), C6 in 4 (2.0%), C6/7 in 24
(12.1%), C7 in 1 (0.5%), and C7/T1 in 1 (0.5%). Hema-
toma-like changes were noted in 46 patients (23.1%) and
such changes were not noted in 153 (76.9%}) {Table 2).

Twenty-three of the 199 patients required a tracheos-
tomy, accounting for 11.6% of patients with a cervical
spinal cord injury. The average time from injury until a
tracheostorny was performed was 4.69 days (day of injury-
13 days later). Details on the 23 patients who underwent a
tracheostomy are indicated below (Table 3}.

Eleven patients had a vertebral fracture or dislocation; a
bone injury was not noted in 12 patients. Seventeen patients

hadan AIS A, 4 had ATS B, and 2 had AIS C. The NLI was C2
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Figure 1. “Hematoma-like changes” and the
level of injury on MRI. A, MRI findings of a
8§ hypointense core surrounded by a hyperintense
§ rim ina T2-weighted image. We described these
24 changes as “hematoma-like changes.” When
"\ | these changes were present, the level of the
changes served as the level of injury on MR
This patient’s level of injury on MRI was “C3/4",
B, When hematoma-like changes were absent, .
the segment containing the center of a wider-
4 ranging hyperintensity area served as the level of
injury on MRI. This patient’s level of injury on
MR} was “C5/6. MRI indicates magnetic reson-
ance imaging.

in 1 patient, C3in 5, C4in 15, C5in 1 and T1in 1. The level
of injury on MRI scans was at C2/3 in 1 patient, at C3/4in 9,
at C4/5in 7, at C5/6 in 5, and at C&/7 in 1, Hematoma-like
changes were noted on MRI images of 17 patients.

The final cutcome (state at final follow-up) was death for
one patient and permanent ventilator management for sev-
en. The respiratory status of 15 patients stabilized, and they
were weaned from the ventilator.

Mean+SD Overall (n=199) Tracheostorny (n=23) | No Tracheostomy (n=176}
Age (yrs) 61.9X17.7 69.1+15.8 60.9£17.8
Sex

Male 165 (82.9%) 17 (73.9%) 148 (84.1%)

Female 34 (17.1%) 6 (26.1%) 28 (15.9%)
Fracture or dislocation

+ 60 (30.1%) 11 (43.5%) 49 (27.8%)

- 139 (69.9%) 12 (56.5%) 127 (72.2%)
Initial AIS

A 66 {33.2%) 17 {73.9%) 49 (27.8%)

B 38 {19.1%) 4 (17.4%) 34 {19.4%)

C 51 (25.6%) 2 (8.7%) 49 (27 .8%)

D 44 (22.1%) 0 44 (25.0%)
Initlal NLE

C2 1 (0.5%) 1 (4.4%) 0

C3 10 (5.0%) 5(21.7%) 5 (2.8%)

C4 90 (45.2%) 15 (65.3%) 75 (42.6%)

C5 62 (31.2%) 1 (4.4%) 61 (34.7%)

C6 19 (9.6%) 0 19 (10.9%)

C7 6 (3.0%) 0 6 (3.4%)

C8 1 (0.5%) 0 1 (0.5%)

Ti 10 (5.0%) 1 (4.4%) 9 (5.1%)
Arterial blood gases

PO, {mm Hg) 91.94+£40.7 10411712 90.3+34.9

PCO4{mm Hg) 38.34£5.1 399454 38.115.0
iS5 21.4£10.6 31.74+18.9 20.118.2
AlS indicates American Spinal Association impairment scale; IS5, injury severity score; NLI, neurological level of injury; 5D, standard deviation.
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LT Overall (n=1799)", - Tracheostomy (n 23) No tracheostomy (n= 176)
Level of spinal cord injury on MRI
C2/3 5 (2.5%) 1 (4.4%) 4 (2.3%)
C3 2 (1.0%) 0 2 (1.1%)
C3/4 70 (35.2%) 9 (39.1%) 1 (34.7%)
C4 4 (2.0%) 0 4 (2.3%)
C4/5 49 (24.6%}) 7 (30.4%) 2 (23.9%)
Cs 10 {5.0%) 0 0 (5.7%)
C5/6 29 (14.6%) 5(21.7%) 24 (13.6%)
C6 4 (2.0%]) 0 4 {2.3%)
Ce6/7 24 (12.1%) 1 (4.4%) 23 (13.1%)
c7 1 (0.5%) 0 1 (0.5%)
c7ml 1 (0.5%) 0 1 {0.5%)
Hematoma-like changes on MRI
+ 46 (23.1%) 17 (73.9%) 29 (16.5%)})
- 153 (76.9%) 6 (26.1%) 147 (83.5%)
MR indicates magnetic resonance imaging; 5D, standard deviation,

Univariate analyses of the risk factors for tracheostomy
revealed significant differences for six items: age
(P=0.0422, odds ratio [OR]=1.035), ISS (P=0.0002,
OR=1.065), presence of fracture or dislocation (P=
0.0209, OR=2.827), AIS A (P<0.0001, OR=7.344),
NLI C4 or above (P=0.0008, OR=12.599), and MRI
scans revealing hematoma-like changes (P <0.0001,
OR.=9.504) (Table 4).

The aforementioned items with significant differences in
the univariate analyses were further analyzed using multi-
variate logistic regression. The results revealed significant
differences for two items: NLI C4 or above (P=0.0058,
OR=9.681) and MRI scans revealing hematoma-like
changes (P=0.0212, OR =3.941} {Table 5).

In addition, 17 of 30 patients (56.7%) who had both an
NLI C4 or above and MRI scans revealing hematoma-like

Hematoma- _POZ on | PCO2 on
. . T2 High | like changes | Admission | Admission

Case No. Age Sex Type of Fracture AlS NELI tevel on MRI (mm Hg) | {mm Hg) Final Form

B0 F C5b fracture dislocation A C4 Co/7 + 74.73 45.2 Trach collar
2 47 M C3 tear drop fracture T4 A T 3/ - 80.9 36 Closed

fracture dislocation
3 49 M C5 burst fracture A C4 C5/6 + 66.7 41.8 Closed
4 64 M €4 fracture dislocation A C4 C4/5 + 72.1 36.5 Trach collar
5 82 F C3 fracture dislocation C C4 C3/4 + 145.7 45.1 Closed
[3 84 M C4 fracture dislocation A C3 C4/5 + 74.5 34.4 Mechanical ventilation
7 75 M C5 fracture (post ASF) C C3 C4/5 - 45.8 46.6 Closed
8 61 F C§ fracture dislocation A C4 C5/6 4 116.9 37.4 Closed
9 80 F C3 burst fracture B Cc4 C3/4 + 59.0 40.0 Closed
10 76 M C5 fracture dislocation A C4 C5/6 + 161.0 33.0 Trach collar
1 70 M C3 fracture dislocation A 3 C3/4 + 166.0 46.7 Mechanical ventilation
12 51 M Na fracture A C3 C5/6 - 97.0 49.0 Mechanical ventilation
13 77 M No fracture A C4 C4/5 + 48.6 47.6 Mechanical ventilation
14 22 M No fracture A c c2/3 + 392 40.7 Closed
{intubated)| (intubated)

15 63 M No fracture B C4 C3/4 - 63.4 33.8 Closed
16 89 M No fracture A C4 C4l5 + 93.6 34.8 Died
17 72 M No fracture B C4 C3/4 — 86.5 33,4 Closed
18 69 F No fracture A C4 C3/4 + 123 43.9 Closed
19 &1 M No fracture B C2 C3/4 + 127 35.7 Mechanical ventilation
20 85 F Nao fracture A C4 C4/5 + 69.5 43.1 Closed-
21 83 M No fracture A C5 C5/6 - 72.5 37.2 Closed
22 66 M No fracture A C4 C4/5 + 72.7 31.6 Mechanical ventilation
23 84 M No fracture A C4 C3/4 + 86.2 43.9 Mechanical ventilation
AlS indicates American Spinal Association impairment scale; ASF, anterior spine fusion; MRI, magnetic resonance imaging; NLI, neurolagical fevel of injury.
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1otic i
SR RO RETERTI O L OR . 95% Confidefice Interval -
Age 0.0422 1.035 1.004-1.074"
ISS 0.0002 1.065 1.032-1.106"
PO, on admission 0.1445 1.006 0.997-1.014
PCO, on admission 0.1055 1.076 0.986-1.183
Sex 0.2284 1.866 0.629-4.939
Fracture or dislocation () 0.0209 2.827 1.166-6.9317
AlS A <0.0001 7.344 2.870-21.353*
NLI >C4 0.0008 12.599 3.550-80.260"
Injury level on MRI >C3/4 0.6169 1.251 0.508-3.004
Hematoma-like changes on MRI <0.0001 9.504 3.780-25.604"
Age, I55, PO», and PCQ, were calcufated by the continuous variable function unit odds ratio.
.;lésd ;’ngiggtes American Spinal Association impairment scale; ISS, injury severity score; MRI, magnetic resenance imaging; NLI, neurological level of injury; OR,
'P<0.05.

changes required a tracheostomy, whereas 135 of 40 patients
{37.5%) who had both an NLI C4 or above and AIS A cn
admission required a tracheostomy.

DISCUSSION

Various complications can occur after a CSCI, although the
most frequent are respiratory complications.'™® Typical
complications include atelectasis, pnenmonia, and venti-
latory failure, These complications often occur in the acute
phase within 5 days of injury.’?

The diaphragm is innervated by nerves originating from
C3~CS5 (primarily from C4}, and damage to the spinal cord
at a higher level will immediately necessitate ventilator
management. Sputum is expelled and coughing is accom-
plished primarily with the intercostal muscles and abdomi-
nal muscles. Even if the injury occurred at a lower level and
the diaphragm still functioned, paralysis of these muscles
causes sputum to pool, thereby facilitating atelectasis and
pneumonia.*®€ In the acute phase of injury, the sympath-
etic nerves are interrupted and the vagus nerve predomi-
nates. Furthermore, tracheobronchial secretions increase
and the airway constricts. The amount of sputum increases
and the sputum cannot be readily expelled. This phenom-
enon is one reason for why respiratory complications are
so frequent.

In the first week after injury, a patient’s vital capacity will
decrease by 30% or more. About 5 weeks after injury, vital
capacity will begin to recover, and 3 months after injury the
vital capacity will double.!"'¢ If the period of an unstable
respiratory status in the acute-subacute phase of injury can
be weathered, then the respiratory status will subsequently
stabilize for the most part. Thus, predicting risk factors for
intubation or tracheostomy in patients with a CSCI
is important.

Studies cite widely differing figures for the percentage of
patients requiring a tracheostomy after CSCI. These figures
range from 15.2% to 81%, and recent studies have noted
that a relatively high percentage of those patients requite a
tracheostomy.5~ 1517152424 Niymerous  studies  have
reported that performing a tracheostomy early on is useful
in reducing respiratory complications.®”*¢~*8 This might be
the reason for the substantial difference in the percentage of
patients with a tracheostomy. That said, one possibility is
that intubation or tracheostomy is performed unnecessarily,
and such sitnations should be avoided.

The current study found that 11.6% of patients with a
CSCI require a tracheostomy, and this is lower than the
percentages described in other studies. This Center is a
dedicated facility with a Department of Orthopedic Surgery
and in principle this facility does not accept patients in the

P OR " | 95% Confidence Interval
Age 0.0782 1.031 0.999-1.071
1S5 0.2784 1.025 0.983-1.077
Fracture or Dislocation (+) 0.2477 2.049 0.597-6.970
AlS A 0.2180 2.329 0.600-9.154
NLI > C4 0.0058 9.681 2.362-66.748"
Hematoma-like changes on MRI 0.0212 3.941 1.243-13.131°
Age and IS5 were calculated by the continuous variable function unit odds ratio.
Ai' indicates American Spinal Assoclation impairment scale; I35, injury severity score; MRI, magnetic resonance imaging; Nii, neurological level of injury; OR,
odds ratio.
*P<0.05.
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acute phase of multiple trauma. This Center sees a small
proportion of patients with complications such as a brain
contusion, multiple rib fractures, a hemopneumothorax, or
injuries to the abdominal viscera, which might explain why
so few of the current patients required a tracheostomy. The
aforementioned reasons are also presumably the reason why
tracheal intubation or a tracheostomy is so often indicated
for a simple CSCI seen at this Center. In this study, uni-
variate analyses and multivariate analyses yielded signifi-
cant differences in terms of two items: an NLI C4 or above
and MRI scans revealing hematoma-like changes. The afore-
mentioned reasons are presumably why these two items
were predictors for a tracheostomy, in a true sense, in
patients with a CSCL

Numerous studies have reported that complete paralysis
is a risk factor for intubation or a tracheostomy."*~
8.1417,19-22,23 In the current study, univariate analyses indi-
cated that AIS A was a risk factor for tracheostomy, whereas
multivariate analyses revealed no significant differences in
ATS A,

This might be because complete paralysis means that the
intercostal muscles and abdominal muscles are paralyzed,
regardless of the level of the CSCI; however, Yugue et al’
reported that 18.8% of patients who were AIS A upon
admission had an improved level of paralysis {(a grade other
than A} at final follow-up. Similatly, 6 patients in the
current study were AIS A upon admission, although eight
(12.1%) had improvement at final follow-up. The period of
spinal shock might have been included in the 72 hours after
injury. Given this possibility, improvement in the level of
paralysis needs to be assessed.

The ISS was similarly found to be a risk factor for
tracheostomy according to univariate analyses. ISS is a score
for the severity of multiple trauma. Several studies have
reported that a high ISS is a predictor for tracheostomy in
patients with a CSCI®?!; however, Velmahos ez a/** stated
that assessment of the ISS is difficult in the acute phase of
trauma, and they recommended that the ISS not be used asa
predictor of tracheostomy.

No studies have indicated the relationship between imag-
ing assessment and the need for a tracheostomy. The current
stmudy is the first to do so. In the acute phase of injury,

blurred hyperintensity on T2-weighted MRI indicates spinal
cord contusion or edema.*~* This imaging finding
suggests injury to the spinal cord. If cord damage is severe
and hematomyelia is present, hypointensities will be found
inside hyperintensities in T2-weighted images. This finding
mostly suggests severe spinal cord injury,*®*® and we
described those change as “hematoma-like changes.” Bozzo
et al”® reported that 93% of patients with MRI scans
revealing a hypointense core surrounded by a hyperintense
rim in T2-weighted images (hematoma-like changes) were
ATS A upon admission. Of these, 95% were AIS A at final
follow-up. In the current study, 82.6% of patients who were
found to have hematoma-like changes were AIS A upon
admission. All of the patients were AIS A at final follow-up,
and this grade might be correlated with severe paralysis.

In the current study, univariate analyses and multivariate
analyses revealed significant differences in MRI scans
revealing hematoma-like changes. The AIS grade might
change over time because of its relationship to spinal shock.
Consequently, the ISS might change as well. Thus, these
indicators change. In contrast, MRI images revealing hem-
atoma-like changes do not change with spinal shock, mak-
ing these MRI findings an independent indicator.

Of course, MRI was performed within a few hours after
the injury. Therefore, there was a possibility that hema-
toma-like changes (hypointense core surrounded by a hyper-
intense rim) did not appear on T2-weighted images, evenifa
hematomyelia occurred, reflecting the intracellular oxyhe-
moglobin®®;, however, if hypointensity changes were
revealed on T2-weighted image within 72 hours after the
injury, they reflected deoxyhemoglobin, suggesting that a
hemorrhage had occurred in the spinal cord and thar the
damage was severe.

In addition, significant differences in the level of injury on
MRI scans were not noted, althongh an NLI C4 or above
was a risk factor for tracheostomy.

The level of injury on MRI and the NLI did not necess-
arily coincide. Results suggested that the NLI is important
because of its greater clinical significance.

Several studies have reported that an NLI at a high level is
a predictor for tracheotomy.®!%1%21 Nerves innervating the
diaphragm originate at levels C3-C5, The diaphragm is

_ , o P “OR. '95%. Confidence Interval
Age 0.1383 1.031 0.993-1.078
1SS 0.4848 1.016 0.974-1.066
Fracture or dislocation (+) 0.1476 2.617 0.i01-1.411
AlS A 0.2180 1.705 0.286-7.369
Hematoma-like changes on MRI 0.0049 6,101 1.779-22.842"

neurological level of injury; OR, odds ratio,
"P<0.05.

Age and 1S5S were calculated by the continuous variable function unit odds ratio.
AlS indicates American Spinal Association impairment scale; CSCI, cervical spinal cord injury; ISS, injury severity score; MRI, magnetic resonance imaging; NEI,
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involved in about 65% of breathing. The current study
yielded significant differences at C4 or above. Paralysis
due to an injury at C4 or above causes motor paralysis of
the diaphragm, which is likely to result in the patient’s
respiratory status worsening.

Several studies have reported that the risk of tracheos-
tomy is related to age”'%; however, multivariate analyses
revealed no significant differences in patient age. In
addition, this study found no significant differences in
patient sex.

Studies have reported that the forced vital capacity upon
admission is correlated with the risk of tracheostomy,”’
although this characteristic might present problems for
facilities that do not have a simple spirometer on hand.
Blood gas analysis is simple and convenient, and the results
might serve as an indicator in place of forced vital capacity.
In actuality, however, significant differences in blood gas
results were not evident.

An extensive search yielded no studies indicating a
relationship between bone injury or dislocation and the risk
of tracheostomy. The current study noted no significant
differences in terms of the presence or absence of a vertebral
fracture or dislocation in multivariate analyses. This is
probably because the damage to the spinal cord is a more
important factor than the presence or absence of a vertebral
fracture or dislocation.

In the current study, multivariate analyses revealed sig-
nificant differences in terms of two items: an NLI C4 or
above and MRI scans revealing hematoma-like changes.

Multivariate-analyses revealed significant differences in
terms of two items in 30 patients. Of these patients, 17
(57%) required a tracheostomy, suggesting that patients
with both of the aforementioned characteristics are likely
to require a tracheostomy.

In addition, we examined the risk factors for a trache-
ostomy in a total of 101 CSCI patients who had NLI C4 or
above on admission. As a result, hematoma-like changes on
MRI only showed a significant difference in the multivariate
logistic regression model {P =0.0049, OR =6.101) (Table
6). This finding raises the possibility that hematoma-like
changes on MRI are an optimal indictor of the risk for
tracheostomy in patients with a CSCIL.

The current study had several limitations. One is that this
study was a retrospective study that studied a relatively small
sample over an 8-year period. In addition, this study was
conducted ata single special facility, that is, the Spinal Injuries
Center, and not at other facilities. In addition, definite eligi-
bility criteria for a tracheostomy have yet to be formulated at
this facility, and the final decision is left to the discretion of the
patient’s primary physician. In addition, there is a possibility

* that hematoma-like changes did not appear on T2-weighted
images, when MRI was performed within a few hours after
the injury. Moreover, this study did not examine aspects such
as patient history, original respiratory status, or whether or
not the patient smoked.

Despite these limitations, however, the current study
identified significant differences in terms of the two

770 www.spinejournal.com

items: an NLI C4 or above and MRI scans revealing
hematoma-like changes. These two items are statistically
independent risk factors. If patients have both of these
characteristics, they are extremely likely to have respir-
atory failure even if they had a satisfactory respiratory
status upon admission. These characteristics can serve as
important indices with which to study early tracheal
intubation and early tracheostomy.

> Key Points

0 The current study used imaging assessment and
other approaches to assess and examine the risk
factors for a tracheostomy in patients with a CSCl.

0 Univariate analyses of the risk factors for
tracheostomy revealed significant differences for
six items: age, ISS, presence of fracture or
dislocation, AIS A, NLI C4 or above, and MRI
scans revealing hematoma-like changes.

0O Multivariate logistic regression analyses of the risk
factors for tracheostomy revealed significant
differences in terms of two items: NLI C4 or
above and MRI images revealing hematoma-
like changes.

O Spinal shock has an effect in the acute phase of
injury, hampering assessment of the AIS. In
contrast, MRl scans revealing hematoma-like
changes do not change with spinal shock,
making these MRI! findings an independent
indicator.

O Patients with an NLI C4 or above and MR! scans
revealing hematoma-like changes were likely to
require a tracheostomy.
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Abstract

Purpose We determined the incidence of and risk factors
for clinical adjacent segment pathology (C-ASP) requiring
additional surgeries among patients previously treated with
one-segment lumbar decompression and fusion surgery.
Methods We retrospectively analysed 161 consecutive
patients who underwent one-segment lumbar decompres-
sion and fusion surgery for L4 degenerative spondylolis-
thesis. Patient age, sex, body mass index (BMI), facet
orientation and i{ropism, laminar inclination angle, spinal
canal stenosis ratio [on myelography and magnetic reso-
nance imaging (MRI)], preoperative adjacent segment
instability, arthrodesis type, pseudarthrosis, segmental
lordosis at L4-5, and the present L4 slip were evaluated by
a log-rank test using the Kaplan-Meier method. A multi-
variate Cox proportional-hazards model was used to anal-
yse all factors found significant by the log-rank test,
Results  Of 161 patients, 22 patients (13.7 %) had addi-
tional surgeries at cranial segments located adjacent to the
index surgery’s location. Pre-existing canal stenosis
=47 % at the adjacent segment on myelography, greater
facet tropism, and high BMI were significant risk factors
for C-ASP. The estimated incidences at 10 years postop-
eratively for each of these factors were 51.3, 39.6, and
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32.5 %, and the risks for C-ASP were 4.9, 3.7, and, 3.1
times higher than their counterparts, respectively. Notably,
spinal canal stenosis on myelography, but not on MRI, was
found to be a significant risk factor for C-ASP (log-rank
test P < 0.0001 and 0.299, respectively).

Conclusions Pre-existing spinal stenosis, greater facet
tropism, and higher BMI significantly increased C-ASP
risk. Myelography is a more accurate method for detecting
latent spinal canal stenosis as a dsk factor for C-ASP,

Keywords Degenerative spondylolisthesis - Adjacent
segrent pathology - Pre-existing spinal stenosis - Body
mass index - Facet tropism

Introduction

During the past few decades, spinal arthrodesis has become
a common treatment component for a variety of spinal
disorders. However, it alters the biomechanical and kine-
matic properties of the lumbar spine [1, 2]. Pathological
development at mobile segments above or below the site of
spinal fusion is known as adjacent segment pathology
(ASF). ASP is considered a potential late complication of
spinal arthrodesis that requires further surgical treatment.
The clinical failure rate of adjacent segments at 5 years
after the index spinal fusion surgery has been reported to
range from 3 to 32.3 % [3-7].

Several risk factors for ASP have been reporied, such as
age [4, 35, 7], sex [4], multilevel arthrodesis [3-5], sagittal
imbalance [8], the type of arthrodesis [7], facet tropism [9],
and laminar inclination [9]. However, few studies have
focused on asymptomatic pre-existing spinal stenosis as a
risk factor for clinical ASP (C-ASP) that requires addi-
tional surgery at an adjacent segment [10]. In fact, when
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patients demonstrate asymptomatic spinal stenosis adjacent
to the fusion segment, there is often controversy as to
whether the segment should be included within the surgical
site or not.

This study analysed the preoperative prognostic risk
factors for C-ASP, and we calculated the survival times of
the patients with significant risk factors.

Materials and methods

From January 2000 to December 2006, 204 L4 degenera-
tive spondylolisthesis (DS) patients with radicular pain
and/or neurological claudication after unsuccessful con-
servative treatment underwent either instrumented pos-
terolateral fusion (PLF) or posterior lumbar inter-body
fusion (PLIF) at the single level of L4-5. All surgeries
were performed using the same procedures at a single
institution. Patients with an acute fracture, dislocation, or
malignancy were excluded. Informed consent was obtained
from all patients. Medical records of all patients were
reviewed, and this study was approved by our local ethics
committee. Forty-three patients were excluded because of 2
short follow-up (<2 years) or a lack of preoperative mag-
netic resonance imaging (MRI) and/or myelography data.
The remaining 161 patients with a follow-up period of
longer than 2 years were finally selected.

PLF had been performed in 137 patients (85 %) and
PLIF in 24 patients (15 %). In all patients undergeing PLF,
autogenous cancellous iliac bone was used as a graft. PLIF
was performed using a rectangnlar ceramic cage with
morselised local bone from neural decompression in all
patients, When patients had spinal stenosis on myelography
or MRI at the L3—4 segment, as well as neurological find-
ings (including the presence of patellar tendon reflex and no
sensory and motor disturbance associated with the L4 nerve
root) and negative findings of L4 nerve root infiltration, we
did not include the L34 segment in the operation site.

Radiographic evaluation

In all patients, computed tomography (CT), myelography,
and MRI were performed within 2 weeks before the index
fusion surgery. In this series, no patients required addi-
tional surgery at the L5-81 segment during follow-up, so
radiographic evaluations were performed at the L34 and
L4-5 segments. Standard biplanar anteroposterior, lateral
radiography with the lumbosacral spine in neutral, flexion,
and extension positions was performed preoperatively, at
24 months after surgery, and at the final follow-up.

The anteroposterior vertebral slip and intervertebral disc
angle were measured on lateral radiographs of the L3-4
and 14—5 taken in the neutral, flexion, and extension
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positions. To minimise the errors due to different magni-
fications, the vertebral slip was expressed as a percentage
of the caudal vertebral body width (% slip). The ranges of
motion (ROM) of the L34 and L4-5 segments were
defined as the sum of the intervertebral disc angles in the
flexion/extension view (Fig. 1). Pseudarthrosis was present
if there was no continuity in the PLF fusion mass between
the cephalad and caudad fransverse processes, no comnti-
nuity between graft bone and vertebra in PLIF fusion, or if
lateral flexion—extension radiographs demonstrated >2° of
angular motion or >2 mm of sagittal motion at L4-5 [11].

The criteria for adjacent segment instability were well-
defined spondylolisthesis or dynamic instability with slip-
page >4 mm and/or an ROM >10° [12]. The laminar
inclination angle at L3 was measured as previously
described [9] on lateral radiographs (Fig. 2a). Facet ori-
entation and tropism were determined by CT images that
were coplanar with the disc and transected the facet joints,
as described previously [9]. The sum of the right and left
facet angles and the difference between the right and left
facet angles were defined as the facet orentation and
tropism, respectively (Fig. 2b).

Myelography measurements

After lumbar puncture and injection of radiographic con-
trast material into the dural sac under fluoroscopic guid-
ance, the physician moved the patient’s lower back to
maximum flexion and extension in the left lateral decubitus
position and obtained lateral radiographs in the neutral,
flexion, and extension positions under fluoroscopy. The
narrowest anteroposterior dural sac diameter at L.3—4 was
measured on lateral myelography in the neutral, flexion,
and extension positions and on the sagittal view of T2-
weighted MRI. The dural sac diameter at the midpoint of
the L2 vertebral body was also measured. The spinal canal
stenosis ratio (SCSR) was calculated as x/y x 100 (Fig. 3).

All measurements were performed twice by two inde-
pendent observers blinded to the patient name and clinical
findings using an electronic digitiser (MicroAnalyzer;
Japan Poladigital Corp., Tokyo, Japan) with an accuracy of
0.01 mm: measurements were averaged. The inter-observer
correlation of all measurement was evaluated by the
Pearson’s comelation coefficient test. The kappa statistic
was used to assess inter-observer agreement of pseu-
darthrosis and preoperative instability at 1.3-4.

Statistical amalysis
The final follow-up examination was defined as the last
visit. In patients undergoing re-operation at L3-4, the

survival period was defined as the interval from the index
operation to the second operation due to C-ASP. C-ASP
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flexion position

Fig. 1 Plain radiography measurement. a Anterior slip in the flexion
position, b posterior slip in the extension position, ¢ vertebral body
width. The total percent slip is (a2 + b)/e % 100. o Intervertebral disc

extension position
angle in flexion position, f§ intervertebral disc angle in the extension
position. The range of motion is & -+ # in degress

Fig. 2 a The laminar inclination angle at L3 was defined as the angle
formed by a straight line connecting the base of the superior facet
with the base of the infecior facet, and a straight line connecting the
midpoints of the anterior and posterior L3 vertebral cortices on lateral
radiographs. b Facet orientation and tropism were determined by

was defined as a condition where an additional surgery at
L3—4 was required to treat symptornatic neurological
deterjoration.

The following prognostic risk factors were examined:
age, seX, body mass index (BMI), facet orientation, facet
tropism, laminar inclination angle, SCSR by myelography
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computed tomography images that were coplanar with the disc and
transected the facet joints. The sum of the right and left facet angles
and the difference between the right and left facct angles were defined
as the facet orientation and tropism, respectively

and MRI, preoperative adjacent segment instability, type of
fusion, presence of pseudarthrosis, segmental lordosis at
L4-5, and the %slip of L4-5 after 2 years postoperatively.
Continuous variables were dichotomised to increase the
statistical power using the Youden index from the receiver
operating characteristic curve (ROC).
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Fig. 3 The narrowest
anteroposterior dural sac
diameter at L3-4 {x} was
measured on lateral
myelographs taken in the
extension position (a) and on
MRI (b) in the same patient,
The dural sac diameter at the
midpoint of the L2 vertebral
body (y) was also measured.
The spinal canal stenosis ratio
(SCSR) was calculated as

xfy x 100

A log-rank test was used for univariate analyses using
the Kaplan-Meier method, and survival curves for all
patients with significant risk factors were constructed to
calculate the survival time. A multivariate Cox propor-
tional-hazards model was used to assess all factors
demonstrated to be significant by the log-rank test to adjust
for confounding factors.

Statistical analyses were performed using the JMP 10
statistical software package (SAS Institute Inc, Cary, NC),
A value of P < 0.05 was considered to be statistically
significant.

Results ‘

There were 56 males and 105 fernales. The mean age at
index surgery was 65.4 years (range 40-87 years). The
average follow-up period was 77.3 months (range
24-183 months). The follow-up rate was 78.9 %. Among
the 161 patients, 22 (13.7 %) underwent subsequent pro-
cedures at cranial segments adjacent to the T4-5 segment;
five patients underwent decompression surgery with
arthrodesis and 17 underwent decompression surgery
alone. After the additional surgery, all patients show
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improved neurological symptoms. The mean duration
between the index surgery and the additional surgery was
75.9 months (range 24-141 months).

The inter-observer correlation is shown in Table 1. The
kappa coefficient for pseudarthrosis rated between obser-
vers was 0.82 (P < 0.0001) and that of preoperative
instability at L3—4 was 0.89 (P < 0.0001).

Patients with a BMI > 25 kg/m® had a significantly
Iower survival rate than their counterparts in a univariate
analysis (log-rank test: P = 0.0497). The incidence of
C-ASP in patients with a BMI > 25 kg/m* was estimated
to be 32.5 % at 10 years. Conversely, the incidence of
C-ASP in patients with a BMI < 25 kg/m?® was lower, at
21.1 % at 10 years. The median survival time for patients
with 2 BMI > 25 kg/m® was 141 months (Fig. 4).

Patients with facet tropism >11° demonstrated a lower
survival rate than their counterparts (log-rank test:
P = 0.0178). The incidence of C-ASP among patients with
facet tropism >11° was 39.6 %, while for facet tropism
«<11° it was 19.4 % at 10 years after the initial operation
(Fig. 5).

Regarding SCSR, patients with an SCSR >47 % on
myelography in the extension position showed a signifi-
cantly lower survival rate than their counterparts
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Table 1 Inter-observer

. Parameters P value Pearson correlation
correlations for study coefficient
parameters

Facet orientation <0.001 0.91
Facet tropism <0.001 0.92
Laminar inclination angle <0.001 0.86
Segmental Iordosis at L4-5 <0.001 0.87
%Slip of L4 <0.001 0.89
SCSR of MRI <0.001 0.91
SCSR of myelography (neutral position) <0.001 0.88
SCSR of myelography(flexion position} <0.001 0.87
SCSR of myelography(extension position) <.001 0.89

Significance was set at P < 0.05

SCSR spinal canal stenosis ratio, MRI magnetic resonance imaging
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Fig, 4 The Kaplan-Mejer survivorship curve of patients with
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Fig. 5 The Kaplan—Meier survivorship curve of patients with facet

tropism >11° versus those with facet tropism <I1°

(P < 0.0001). In these patients, the prevalence of C-ASP
requiring reoperation was 51.3 % at 10 years, whereas it

was 11.4 % in patients with an SCSR <47 %. The median .
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Fig. 6 The Kaplan-Meier survivorship curve of patients with an
SCSR > 47 % versus those with an SCSR < 47 % on myelography.
SCSR spinal canal stenosis ratio

survival time for patients with an SCSR >47 % was
110 months (Fig. 6).

Interestingly, SCSR determined by MRI was not a sig-
nificant risk factor (fog-rank test: P = 0.2990). Since a
factor with a higher discrimination ability makes an ROC
curve closer to the top left corner, the area under the ROC
curve (AUC) is used to indicate the sensitivity and speci-
ficity of each factor. We compared the AUC values of MRI
and myelography in the extension positions. In this anal-
ysis, the AUC of the SCSR determined by myelography
was significantly higher than that of the SCSR determined
by MRI (Fig. 7). In fact, 13.2 % of patients who exhibited
SCSR on MRI <50 % had an SCSR =50 % on myelog-
raphy in the extension position.

Other potential risk factors, such as age, sex, facet ori-
entation, laminar inclination angle, preoperative adjacent
segment instability, type of fusion, pseudarthrosis, seg-
mental lordosis, the %slip, and SCSR on myelography in
the neutral and flexion positions, were not statistically
significant (Table 2). A multivariate Cox proportional-
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SCSR on myelography at
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Table 2 Potential risk factors for clinical adjacent segment pathol-
ogy after Jumbar spinal fusion based on the log-rank test

Risk factor P value
Sex (fernale) 0.3530
Age > 68 years 0.3989
BMI > 25 kg/m® 0.0497+*
Facet orientation >65° 0.2272
Facet tropism =11° 0.0178#
Laminar inclination =120° 0.6325
SCSR on MRI = 35 % 0.2930
SCSR on myelography in extension >47 % <0.0001*
SCSR on myelography in neutral >33 % 0.0757
SCSR on myelography in flexion >18 % 0.1467
Preoperative instability 0.6902
Type of fusion 04737
Pseudarthrosis 0.2086
Segmental lordosis at L4-5 > 6.3° 0.2278
%Slip of L4 = 13.4% 0.1465

Significance was set at P < 0.05*

BMI body mass index, SCSR spinal canal stenosis ratio, MRI mag-
netic regonance imaging

hazards model revealed a BMI > 25 kg/m?, facet tropism
>11°, and SCSR =47 % on myelography to be significant
risk factors, and patients with these factors had 3.1-, 3.7-,

and 4.9-fold higher risks of adjacent segment reoperation
than their counterparts, respectively (Table 3).

Discussion

The definition of C-ASP has often been reported as adjacent
segment pathology, manifesting radiculopathy, neurogenic
intexmittent claudication, back pain, or a combination of
any of these [13], and the need for additional surgeries [3-5,
8-10] on the index fusion segments, Park et al, [3] reported
the incidence of C-ASP to range from 5.2 to 18.5 %. The
term ‘degeneration’ itself suggests a time-dependent phe-
nomenon, Therefore, the survival function estimated by the
Kaplan—Meier method and the multivariate Cox regression
model are good ways to analyse the development of ASP as
a late complication of spinal arthrodesis.

Regardless of the use of spinal arthrodesis, the clinical
course of patients with severe spinal stenosis often deteri-
orates over time during conservative treatments [14]. This
indicates that pre-existing spinal stenosis in itself may be a
significant risk factor for C-ASP. Cho et al. [10] reported a
significant relationship between pre-existing spinal stenosis
and C-ASP. However, they did not indicate a cutoff point
for spinal stenosis that may increase the likelihood of
C-ASP. In the current study, patients with an SCSR =47 %

Table 3 Risk factors for

. ; Risk factor P value Hazard ratio 95 % confidence interval
~ clinical adjacent segment
pathology after lnmbar spinal BMI > 25 kg/m? 0.0212° 312 1.18-8.49
fusi - .
sion Facet tropism 211° 0.0114 3.74 135-10.30
SCSR in myelography =47 % 0.0003" 4.87 2.05-12.78
Significance was set at P < 0.05*
BMI body mass index, SCSR spinal canal stenosis ratio
@ Springer
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on myelography in the extension position exhibited a 4.87-
fold higher risk of adjacent segment reoperation than their
counterparts. Interestingly, spinal stenosis demonstrated by
MRI was not a significant factor. We attempted to change
the cutoff point for SCSR on MRI! from 35 to 60 %,;
however, the MRI findings were not a significant factor.
Moreover, the AUC of SCSR on myelography in- the
extension position (0.7528) was significantly larger than
that on MRI (0.5768) (Chi squared; P = 0.0004). These
results suggest that myelography has a significantly higher
sensitivity and specificity to detect not only latent spinal
canal stenosis, but also the risk of ASP requiring additional
SUrgery.

While these results indicate that pre-existing severe
stenosis can be a significant risk factor for C-ASP, this does
not lead directly to a recommendation for performing
laminectomy during the index surgery, since performing
laminectomy adjacent to a fusion segment demonstrated a
significant association with ASP [5, 15-17). Imagama et al.
[15] recommended that the adjacent segment with asymp-
tomatic spinal stenosis should not be subjected to a con-
comitant decompression from the viewpoint of preventing
ASP. We therefore recommend that surgeons should have
thorough discussions with patients to determine whether a
concomitant operation at adjacent segments with asymp-
tornatic stenosis should be performed.

Facet tropism is defined as asymmetry in the facet joint
that canses an abnormal rotation of the spinal segment,
which increases the mechanical stress on the disc and could
lead to Iumbar degeneration or disc herniation [18, 19].
Several studies have reported greater facet tropism to have
a significant relationship with C-ASP [9]. In the current
study, patients with facet tropism =11° had a 3.74-fold
higher risk of adjacent segment reoperation compared to
their counterparts. We hypothesised that facet tropism may
affect the rotational stability, which accelerates the thick-
ening of the ligamentum flavum, thus resuliing in spinal
canal stenosis. However, some authors have reported no
association between facet tropism and the occurrence of
C-ASP [10]. Further stadies are required to clarify this
issue.,

It remains controversial as to whether an association
exists between BMI and ASP. Some studies reported no
association between BMI and radiographic ASP [20];
however, Cho et al. [10] reported BMI to be a significant
risk factor for C-ASP, and Liuke et al. [21] reported that a
BMI = 25 kg/m® increased the risk of lumbar disc
degeneration on MR It is assumed that being overweight
might cause disc degeneration [22], resulting in earlier ASP
over the long term. In this series, a BMI > 25 kg/m?® was
identified as a significant risk factor for C-ASP, and
patients with this factor had a 3.12-fold higher risk of
needing adjacent segment reoperation than their
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counterparts. Patients with high BMI appear to have a
higher risk of C-ASP; however, a large prospective study is
needed to confirm this finding.

In this study, other factors were not significant risk
factors for C-ASP. The association between the conditions
of fused segments and the occurrence of ASP also remains
confroversial. Since almost all past studies were retro-
spective analyses that contained potential bias, a ran-
domised prospective study will be necessary to resolve
these issues.

There are several possible limitations associated with
this study. First, it was a retrospective study. Second, the
predictors derived were not prospectively validated in an
independent population. Third, the sample size was rela-
tively small. Finally, whole spinal radiographs were not
routinely taken for DS patients who underwent one-seg-
ment spinal fusion and decornpression and, therefore, a
whole spinal radiographic analysis was not possible in this
study. Despite these limitations, the factors identified in
this study may assist both surgeons and patients when
making decisions about whether or not to include an
adjacent segment at the time of index fusion surgery.

In conclusion, a BMI = 25 kg/m?, facet tropism >11°,
and pre-existing stenosis >47 % demonstrated on myel-
ography in the extension position were found to be
important risk factors for C-ASP requiring a second oper-
ation. Careful consideration of the type and extent of sur-
gery is therefore necessary when these risk factors are
present,

Compliance with ethical standards

Conflict of interest No funds were received in support of this work.
No benefits in any form have been or will be received from a com-
mercial party related directly or indirectly to the subject of this
manuscript,

Ethical standards The study was approved by the local ethics
committee.

References

1. Axelsson P, Johnsson R, Strémgvist B (1997) The spondylolytic
vertebra and its adjacent segment, Mobility measured before and
after posterolateral fusion. Spine (Phila Pa 1976} 22(4):414-417

2. Bastian L, Lange U, Knop C et al (2001) Evaluation of the
mobility of adjacent segments after posterior thoracolumbar fix-
ation: a biomechanical study, Eur Spine J 10(4):295-300

3. Ghiselli G, Wang JC, Bhatia NN et al (2004) Adjacent segment
degeneration in the Iumbar spine, T Bone Joint Surg Am
86-A(7):1497-1503

4. Ahn DK, Park HS, Choi DJ et al (2010) Survival and prognostic
analysis of adjacent segments after spinal fusion. Clin Orthop
Surg 2(3):140-147

5. Sears WR, Sergides IG, Kazemi N et al {2011) Incidence and
prevalence of surgery at segments adjacent to a previous posterior
lumbar arthrodesis, Spine J 11(1):11-20



Author's personal copy

Eur Spine J (2016) 25:1542-1549

1549

6.

10.

11,

12,

13,

14.

Celestre PC, Montgomery SR, Kupperman Al et al (2014)
Lumbar clinical adjacent segment pathology: predilection for
proximal levels. Spine (Phila Pa 1976) 39(2%:172-176

. Lee IC, Kim Y, Soh JW, Shin BJ (2014) Risk factors of adjacent

segment disease requiring surgery after lumbar spinal fusion:
comparison of posterior lurabar interbody fusion and posterolat-
eral fusion. Spine (Phila Pa 1976} 38(5):E330-E445

. Kumar MN, Baklanov A, Chopin D (2001) Correlation between

sagittal plane changes and adjacent segment degeneration fol-
lowing lumbar spine fusion. Eur Spine J 10(4):314-31%

. Okuda §, Oda T, Miyauchi A et al (2008} Lamina horizontaliza-

tion and facet tropism as the risk factors for adjacent segment
depeneration after PLIF, Spine (Phila Pa 1376) 33(25):2754-2758
Cho TK, Lim JH, Kim SH et al (2013} Preoperative Predictable
Factors for the Occumrence of Adjacent Segment Degeneration
Requiring Second Operation after Spinal Fusion at Isolated L4—
L5 Level. J Neurol Surg A Cent Bur Neurosurg [Epub ahead of
print]

Komblum MB, Fischgrund JS, Herkowitz HN et al (2004)
Degenerative lumbar spondylolisthesis with spinal stenosis: a
prospective long-term study comparing fusion and pseudarthro-
sis, Spine (Phila Pa 1976) 29(7):.726-733

Chen WIJ, Lai PL, Niz CC et al (2001) Surgical treatment of
adjacent instability after lumbar spine fusion. Spine (Phila Pa
1976) 26(22):E519-E524

Liao JC, Chen WJ, Chen LH et al (2011) Surgical outcomes of
degenerative spondylolisthesis with L5-81 disc degeneration:
compariscn between lumbar floating fusion and lumbosacral
fusion at a minimum 5-year follow-up. Spine (Phila Pa 1976}
36(19):1600-1607

Minamide A, Yoshida M, Maio K (2013) The natural clinical
course of lumbar spinal stenosis: a longitudinal cohort study over
a minimum of 10 years, J Orthop Sci 18(5%:693-698

._50._

15.

i6.

17.

18.

19.

20.

21.

22

Imagama S, Kawakami N, Kanemura T et al (2013) Radiographic
adjacent segment degeneration at five years after L4/5 posterior
lumbar interbody fusion with pedicle screw instrumentation:
evaluation by computed temography and annual screening with
magnetic resonance imaging, J Spinal Disord Tech [Epub ahead
of print]

Miyagi M, Ikeda O, Chtori S et al (2013) Additional decom-
pression at adjacent segments leads to adjacent segment degen-
eration after PLIF. Eur Spine J 22(8):1877-1883

Lai PL, Chen LH, Niu CC et al (2004) Relation between
laminectomy and development of adjacent segment instability
after lumbar fision with pedicle fixation. Spine (Phila Pa 1976)
29(22):2527-2532

Noren R, Trafimow J, Andetsson GB et al (1991) The role of
facet joint tropism and facet angle in disc degeneration. Spine
(Phila Pa 1976) 16(5):530-532

Karacan I, Aydin T, Sahin Z et al (2004) Facet angles in lnmbar
dise hemniation: their relation to anthropometric features. Spine
(Phila Pa 1976) 29(10):1132-1136

Ha KY, Son JM, Im JH et al (2013) Risk factors for adjacent
segment degeneration after surgical correction of degenerative
lumbar scoliosis. Indian J Orthop 47(4):346-351

Liuke M, Solovieva S, Eamminen A et al (2005) Disc degensr-
ation of the lumbar spine in relation to overweight. Int J Obes
(Lond) 29(%):903-908

Weiler C, Lopez-Ramos M, Mayer HM et al (2011) Histological
analysis of surgical lombar intervertebral disc tissue provides
evidence for an association between disc degeneration and
increased body mass index. BMC Res Notes 4:497

&) Springer



Spinal Card {2016) 54, 24-28
© 2016 International Spinal Cord Sociefy All rights raserved 1362-4393/16

www,nature.com/sg

ORIGINAL ARTICLE

Subacute T1-low intensity area reflects neurological
prognosis for patients with cervical spinal cord injury without
major bone injury

A Matsushita, T Maeda, E Mori, I Yugue, O Kawano, T Ueta and K Shiba

Study design: A retrospective imaging and clinical study.

Objectives: To evaluate the relationship between magnetic resonance imaging (MR} features and neurological prognosis in patients
with fraumatic cervical spinal cord injury (CSCI) without major bone injury.

Methods: A total of 72 patients with CSC! without major bone injury were treated consetvatively in our hospital. MRI was performed for
all patients at admission and 1 month following injury, We measured the antero-posterior and cranio-caudal diameter of intramedullary
intensity changed area with T1-weighted images at the injured segment. Neurological evaluations were performed using the American
Spinal Injury Association (ASIA) motor score and the modified Frankel grade at the time of admission and discharge,

Results: There was a significant relationship between the anterc-posterior diameter ratio of the T1-weighted low-intensity area on MRI
at the subacute stage and the ASIA motor score. The optimal threshold of the T1-weighted low-intensity diameter ratio for predicting
the patient’s ability to walk with or without assistance at discharge was determined to be 46%. Moreover, 96.8% of the patients with
< 50% T1-weighted low-intensity area recovered to walk with or without a cane at discharge.

Conclusion: The T1-low intensity area may be an important predictive factor for the neurological recovery of CSCI without major bone

injury.

Spinal Cord (2016) 54, 24-28; doi:10.1038/sc.2015.84; published online 16 June 2015

INTRODUCTION
The incidence of cervical spinal cord injuries (CSCIs) without major
bone injury has been increasing. Patients with these injuries show no
evidence of fracture or dislocation of the spine on plain radiographs or
computed tomography scans.* The incidence, pathogenesis and
severity of CSCI without major bone injury are different for different
age groups because of the anatomical and biomechanical differences in
the spine’4

Magnetic resonance imaging (MRI) is the best clinical tool for
evaluating traumatic CSCI and is therefore invaluable for examining
patients with CSCI without major bone injury. MRI can show the
degree of spinal canal stenosis, as well as reveal the intramedullary
state of the spinal cord in detail®

To our knowledge, there have been only few reports on the MRI
features of patients with CSCI without major bone injury.%? The
most common acute MRI pattern described is no change of signat
intensity on Tl-weighted images with a blurred high-intensity area
on T2-weighted images, In the subacute and chronic stages,
a low-intensity area begins to appear on Tl-weighted images. The
characteristic finding in the chronic stage is usnally an oval-shaped
area of signal change® On the basis of previous studies on the
histopathological features of SCI, the blurred high-intensity area on
T2-weighted images is thought to represent edema or petechial
hemorrhage, On the other hand, the low-intensity area on
T1-weighted images obtained in the subacute and chronic stages is

thought to indicate necrosis, myelomalacia or an intramedullary
oyst. 59

Some papers have described the early relationship between MRI
features and clinical outcomes in patients with CSCI at the acute stage
following trawma.®1%11 However, to the best of our knowledge, there
are few papers reporting about this relationship at subacute or chronic
stages following tranma.

In the present study, we evalnated T1- and T2-weighted MRI
findings of patients with CSCI in the subacute stages. The purpose was
to investigate the relationship between the MRI features and neuro-
logical prognosis of patients with CSCI without major bone injury at
subacute and chronic stages.

MATERIALS AND METHODS

Patients with acute CSCI without major bone injury who were admitied to our
hespital within 10 days after trauma were included in this study, The patients'
imaging (radiographs, CT, MRI) was reviewed when they were admitted to our
hospital. Small avulsion fractures of the vertebral body, spinous process
fractures or bone bruises in the vertebral body withont noticeable vertebral
collapse were considered to be miner bony injuries. Any patient who had
undergone previous cervical surgery and those who were likely to have recoil
flexdon injury were excluded, because of the artifacts from surgery implants in
MRIL Recoil flexion injury requires fixation. It was difficult to do a correct
evaluation in surgery cases. We also excluded patients who had ne cord signal
changes on MRI to rule out patients with cervical concussion or hysteria or
those with 2 cord compression rate >20%. The rate of spinal cord
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compression was measured on sagittal MRL The spinal cord diameter was
measured at both the non-compressed and injured levels on T1-weighted MRI
images, and the percent change was calculated by the following equation:

(antero-posterior diameter of the cord at no compression level —antero-
posterior diameter of the cord at compression level)/antero-posterior diameter
of the cord at no compression Jevel x 100% (Figure 1). A valve of 20% was
defined as a cut-off for the spinal cord compression rate based on a previous
report.1?

From January 2005 to May 2010, 72 consecutive patients were included
in this study. The mean patient age at the time of trauma was 62.4 years
{34-81 years), and there were 60 men and 12 women. Using the American
Spinal Injury Association (ASIA) impairment scale, paralysis at the time of
admission was graded as A in 4 patients, B in 16, C in 43 and D in 9. The mean
period from traumatic injury to admission was 1.5 days {0-10 days), and the
mean duration of hospital stay was 240.9 days (35-1423 days), All patients were
treated conservatively and rehabilitated as quickly as possible with a simple
neck brace,

MRI was performed in all patients at hospital admission (acute stage} and
1 month after trauma (subacute stage). Using sagittal MRI images, an
intramedullary high-intensity changed area on T2-weighted MRI images was
determined to be the injured level of the cervical spinal cord. We measured the
antero-posterior  diameter and cranio-caudal diameter of intramedullary
intensity changed area on sagittal Tl-weighted images (Figure 2), It was
difficult to detect the intensity changed area on axial T1-weighted image. The
measurement was taken at the largest spinal cord slice. The T1-weighted
low-intensity changed area ratio (T1-LCAR) was calculated by the following
equation: antero-posterior diameter of low-intensity changed area/spinal cord
antero-posterior diameterx 100% {Figure 2),

All measurements were performed by two observers. Each measurement was
performed three times, and the average value was calculated. All MR imaging
examinations were performed with 2 1.5-T magnet (MAGNETOM; Siemens
Healthcare, Munich, Bayern, Germany). Standardized MR imaging protocols
for the acutely injured spine were used: for sagittal T1-weighted imaging, a two-
dimensional spin-echo sequence was performed by using a conventiomal
imaging option with no phase wrap, 525/11 (repetition time msec/echo time
msec), a receiver bandwidth of 147 Hz2/Px, a matrix of 320224 (frequency
encoding X phase enceding), three acquired signals and no phase correction.
For sagittal T2-weighted imaging, a two-dimensional fast-recovery fast

Figure 1 Tl-weighted image. Black arrow (A) intact cervical spinal cord.
White arrow {B) cervical spinal cord compressed by a disc and ligament
flavum. Compression rate was 34%.

Subacute T1-low area reflects prognosis ia CSCI
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spin-echo (accelerated) sequence was performed by using imaging options that
included the following: no phase wrap, an extended dynamic range, tailored
radiofrequency and fast recovery; 3500/99; an echo train length of 15; a recejver
bandwidth of 150 Hz/Px; a matux of 384 _ 229; four acquired signals; and
phase correction. Both the T1- and the T2-weighted examinations were
performed in the antero-posterior frequency direction by using an Neck Matrix
col, 2 section thickness of 3.0 mm, an intersection gap of 0.3 mm, a 24-cm field
of view and no contrast medium enhancement.

The ASIA impairment scale and the ASIA motor score (ranging from 0
1o 100) were documented at admission and discharge for each patient
Neurologic recovery was evaluated as the following:

Improvement rate (%)={({motor score at discharge—motor score at
admission)/(100 — motor score at admission)} x 100,13

All neurological evaluations were performed by senior spinal surgeons, In
addition, we also documented each patient’s score with the modified Frankel
grading system (Table 1).}41

All data were analyzed using the JMP 8.0.2 software program (SAS Institute,
Cary, NC, USA). The relationships between T1-LCAR and the ASIA motor
scores and the recovery rate were analyzed using the Spearman rank-correlation
coefficient. P<0.05 was considered statistically significant. The relationships
between cranio-candal diameter and the ASIA motor scores were also analyzed
nsing the Spearman rank-correlation coefiicient, The chance-corrected
k-coefficient was calculated to determine intra-observer agreement.
Intra-observer reliability was almost good {x=0.92, P<0.001).

RESULTS

The neurologic statuses as evaluated by the ASIA and modified Frankel
grading scales at admission and discharge are summarized in Tables 2
and 3. None of the patients demonstrated neurological deterioration
during fellow-up, and 60 (81.9%) and 68 {94.4%) demonstrated
neurological recovery as evaluated by ASIA and modified Frankel
grading, respectively.

The mean ASIA motor scores at admission and discharge were
37.3+29.2 and 78.3 +22.8, respectively. The mean improvement rate
of the motor score was 68.9 +24.7%, which was significant.

T1-weighted low-intensity changed areas were observed in 53 cases
(73.6%) at 1 month after injury. A total of 16 patients with final ASIA
D and 3 patients with final ASIA E did not demonstrate intra-
medullary Iow-intensity change on T1-weighted MRI at the time of
discharge. The T1-LCAR of these 19 patients was set as 0%, The
correlation between the T1-CAR and the ASIA motor score at
discharge and the improvement rate were examined in all 72 patients,
as shown in Figures 3 and 4. There was a significant negative
correlation between T1-LCAR and ASIA motor score at discharge
{P<0.0001, Figure 3). There was also a significant negative correlation

Figure 2 Tl-weighted image. Black arrow (C) cervical spinal cord antero-
posterior diameter., White arrow (D} T1-low antero-posterior diameter. T1-low
diameter ratic was D/IC{(%). Gray arow (E) Tl-low cranio-caudal
diameter (mm),
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Table 1 The modified Frankel grading system

Grade

Neurological status

A

B
81
B2
83

c

Cl

c2
D

co

b1

b2

D3
E

Complete: no motor or sensory function

Sensary only: some sensation preserved, no motor function

Touch sensation remains in only sacral leslon

Touch sensation remains in L/E

Pain sensation remains in sacral lesion or LUE

Motor useless: some sensory and motor function, but motor function not
useful

Unable to flex the hip and knee from supine (Hip flexors 0-2)

Able to flex the hip and knee from supine {Hip flexars 3-5)

Motor useful: sensory function preserved, moter function weak but useful
MMTs of UE are 4-~5, but because of an acute phase, it is impossible to
test the walking ability

Able to walk with a walker, but not practiced, usually use a wheel chair

Independent gait with a cane

[ndependent gait without a cane

Nermal: normal sensory and motor function (hyperreflexia and numbness
are permitted)

Table 2 Diagram shawing change in American Spinal Injury
Association (ASIA) impairment scale between the status at admission
(vertical axis) and at discharge (horizontal axis)

discharge
A B C D E
admisshon
A 1
B 0
C 0
D 0

between T1-LCAR and the recovery rate (P=0.0072, Figure 4). On the
other hand, there was no correlation between cranio-caudat diameter
of T1 low-changed arca and the ASIA motor score at discharge
(P=0.2797). There was also no correlation between cranio-candal
diameter of T1 low-changed area and the recovery rate (P=0.2184).

A total of 60 patients (83.39%) recovered to walk with or without a
czne (higher or equal Frankel D). Receiver operator characteristic
curve analysis demonstrated that the optimal T1-LCAR cut-off value
for patients who were able to walk at discharge was 46% (Figure 5).
If the TI-LCAR cut-off value was <50%, there was a significant
positive correlation with being able to walk at discharge (P<0.0001,
Pearson's y* test, Table 4).

DISCUSSION

The reported incidence of CSCI without major bone injury ranges
from ~ 10 to 16% of all cervical cord injury in North America and
Indiz,516 but they are the largest proportion of cervical cord injury in
Tapan as described by Koyanagi et al 16 The number of CSCI without
major bene injury has been increasing as the population ages; data
from our institution showed an annual rate of 38.2% in 1990 and
63.2% in 2005.17 C5CIs without major bone injury have consistently

ASIA mator score at discharge

10 * .

0 10 20 an %0 50 60 20
T1-LCAR(%)

Figure 3 The relationship between the ASIA motlor score at discharge and
the T1-LCAR. There was a significant negative relationship between the two
parameters, indicating that a larger T1-LCAR was associated with more
severe paralysis.

Table 3 Diagram showing change in modified Frankel grade between the status at admission (vertical axis) and at discharge (horizontal axis)

dirchargef R Bl B2 B3 C1 c2 D1 D2 D3 E
hdmfssion
A 1
Bl 0
B2 0
B3 0
C1 0
c2 0
Do 0
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ASIA motor score improvement ratio
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Figure 4 The relationship betwaen the ASIA motor score improvement ratio
at discharge and the T1-LCAR. There was a significant negative relationship
between the two parameters, indicating that a larger T1-LCAR was
associated with poor improvement.
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Figure 5 ROC curve of higher or equal Frankel grading D and'Tl-LCAR at
1 month after injury, AUC=0,95833. FP, false positive; Sens, sensitivily;
Spec, specificity; TP, true positive,

been treated consexvatively and rehabilitated as early as possible at our
nsgtitution.

MRI is being increasingly used in the evaluation of post-traumatic
miyelopathy. It is useful in that it allows imaging of the injured cord, as
well as an ability to predict patient outcome. The most common acute
MRI pattern for CSCI is a blurred high-intensity area on T2-weighted
images and no change in signal intensity on T1-weighted images. The
subacute MRI pattern is iso-intensity or high-intensity on T2-weighted
images, but a circumscribed low-intensity area is noted on
T1l-weighted images. This low-intensity area appears 3 to 6 weeks after
injury.? On the basis of previous studies of the histopathalogical
features of SCI, the blurred high-intensity area on T2-weighted MRI is
thought to represent edema or petechial hemorrhage. Cn the other
hand, the low-intensity area on T1-weighted MRI in the subacute and
chronic stages is thought to indicate necrosis or myelomalacia.’® We
thought that the Tl-weighted low-intensity area on MRI at the
subacute stage reflected the damage area of spinal cord. It was difficult
to measure accurately the changed area of the spinal cord by edema in
T2-weighted image. As there was no edema change in TI1-weighted
image, we could measure accurately the changed area of spinal cord.

Shimada and Tokioka!® identified four distinct patterns of MR
signal intensity changes that correlated well with spinal cord damage
severity and clinical outcome. Ishida and Tominaga!® assessed
predictors of neurologic recovery in patients with acute central cervical
SCI and found that an absence of MR signal intensity in the spinal

Subacite Tl-low area reflects prognosis in CSCI
A Matsushita ef af

Table 4 TI-LCAR and medified Frankel grade at discharge. If the
cut-off point for the T1-LCAR was < 50%, a significant positive
correlation was found between T1-LCAR < 50% and the patients who
recovered to ASIA D or higher or to modified Frankel D or higher
(P<0.0001)

TI-LCAR=<50% T1-LCAR>50%

Lower Frankel D 2 10

Higher or Equal
Frankel D

cord and good early neurologic improvement were important
predictors of long-term neurologic function improvement. However,
nio studies have reported on T1-weighted low-intensity changed area
in CSCI patients, We hypothesized that the Tl-weighted low-intensity
area on MRI at the snbacute stage of injuxy was predictive of

. neurclogical outcome. Indeed, we identified a significant negative

correlation between the T1-LCAR and the ASIA motor score at
discharge. There was also a significant negative correlation between the
TI1-LCAR and the recovery rate. These results suggest that there might
be significant correlation between the Tl-weighted low-intensity
changed area on MRI and post-traumatic neurological outcome. If
the T1-LCAR was <50%, the patients achieved a neurological status
higher or equal ASIA D or modified Frankel D. These patients were
able to walk with or without a cane at discharge.

In this study, we researched the relationship between the outcome
and the MRI 1 month after injury. All patients who did not have
low-intensity area ! month after injury were able to walk at discharge,
Two months after injury, the low-changed area might be getting
larger, However, this is the relationship between the outcome and the
MRI 1 month after injury. MRI 1 month after injury reflects the
patient’s ability to walk,

This study had several limitations; it was retrospective, and the
number of patients was small. Further research with larger patient
populations and prospective evaluation may help resolve the questions
raised in this study. In this study, the relationship between the imaging
immediately after injury and the outcome was not performed. We did
not consider the relationship between the outcome and the transverse
diameter, cross-sectional area and volume of signal alteration, which
will be considered in future study. Moreaver, the eticlogy of CSCI
without major bone injury should be studied in more detail.

In conclusion, we identified a significant relationship between
Tl-weighted low-intensity areas on Tl-weighted MRI 1 month
following injury and neurological recovery prognosis at discharge.
Low-intensity changed area on T1-weighted MRI may be an important
predictive factor in the natwral course of neurclogical recovery
for CSCIL
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CLINICAL ARTICLE

Effect of preservation of the C-6 spinous process and its
paraspinal muscular attachment on the prevention of
postoperative axial neck pain in C3—6 laminoplasty

Eifi Mori, MD, Takayoshi Ueta, MD, PhD, Takeshi Maeda, MD, PhD, [taru Yugus, MD, PhD,
Osamu Kawano, MD, PhD, and Keiichiro Shiba, MD, PhD

Department of Orthopaedic Surgery, Spinal Injuries Cenler, lizuka, Fukuoka, Japan

OBJECT Axial neck pain after C3-6 laminoplasty has been reported to be significantly lesser than that after C3-7
laminoplasty because of the preservation of the C-7 spinous process and the attachment of nuchal muscles such as the
trapezius and rhomboideus miner, which are connected to the scapula. The C-6 spinous process is the second longest
spinous process after that of C-7, and it serves as an attachment point for these muscles. The effect of preserving the
G-6 spinous process and its muscular attachment, in addition to preservation of the C-T spinous process, on the preven-
tion of axial neck pain is not well understood. The purpose of the current study was to clarify whether preservation of

the paraspinal muscles of the C-6 spinous process reduces postoperative axial neck pain compared to that after using

nonpreservation techniques.

METHODS The authors studied 60 patients who underwent C3-6 double-door laminoptasty for the treatment of cenvi-
cal spondylotic myelopathy or cervical ossification of the posterior longitudinal ligament; the minimum follow-up period
was 1 year. Twenty-five patients underwent a G-6 paraspinal muscle preservation technique, and 35 underwent a C-6
nonpreservation technique. A visual analog scale (VAS) and VAS grading {Grades |-1V) were used to assess axial neck
pain 1-3 months after surgery and at the final follow-up examination. Axial neck pain was classified as being 1 of 5
types, and is location was divided into 5 areas. The potential correlation between the C-6/C-7 spinous process length

ratio and axial neck pain was examined.

RESULTS The mean VAS scares (= SO) for axial neck pain were comparable between the C6-preservation group and
the C6-nonpreservation group in both the early and late postoperative stages (4.1 £ 31vs40+32and38 29 vs
3.6 x 3.0, respectively). The distribution of VAS grades was comparable in the 2 groups in both postoperative stages.
Stiffness was the most prevalent complaint in both groups (64.0% and 54.5%, respectively), and the suprascapular
region was the most common site in both groups {60.0% and 57.1%, respectively). The types and locations of axial neck
pain were also similar between the groups. The C-6/C-7 spinous process length ratios were similar in the groups, and
they did not correlate with axial neck pain. The reductions of range of motien and changes in sagittal alignment after

surgery were also simitar.

CONCLUSIONS The C-6 paraspinal muscle preservation technique was not superior to the C6-nonpreservation tech-

nique for preventing postoperative axial neck pain.

hitp:#/thejns.org/doifabs/10.3171/2014.11.SPINE1311563
-KEY WORDS laminoplasty; axial neck pain; paraspinal muscle; cervical spine; spinous process; trapezius muscle

AMINOPLASTY, which evolved from extensive lami-
nectormy in the treatment of cervical spinal cord
compression, is an established posterior cervical
decompression procedure for multisegmental cervical
myelopathy**?® Although acceptable neurclogical im-
provement after laminoplasty is achieved, postoperative

complications or problems such as axjal neck pain, reduc-
tion of cervical range of motion (ROM), and changes in
spinal alignment are often induced.}*7'2 Axial neck pain,
typified by persistent pain around the neck and shoulder, is
& notorious postoperative complication after laminoplas-
ty.21218 The incidence of axial neck pain has been reported

ABBREVIATIONS C8M = cemvical spondylotic myelopathy; JOA = Japanese Orthopaadic Association; OPLL = ossification of the posterior longiiudina] ligament; ROM =

range of motion; VAS = visual analog scale.
SUBMITTED December 16, 2013, ACCEPTED November 4, 2014.

INCLUDE WHEN CITING Published online Month day, 2014; DOF. 10.3174/2044.11.3PINE134153.
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to range from 5% to 80% 51318 Several techniques have
been developed by surgeons who attempted to reduce
axial neck pain after laminoplasty.}#172! In a comparative
study between C3-6 amd C3-7 laminoplasty, Hosono et
al.® reported that postoperative axial neck pain was sig-
nificantly less severe after C3—6 laminoplasty than after
C3-7 laminoplasty. They suggested that preservation of
the C-7 spincus process and the origin of the trapezivs
and rhomboid minor muscles on the C-7 spinous process
was key to preventing postoperative axial neck pain. The
C-7 spinous process 1s an important muscular attachment
point for the trapezius and rhomboid minor muscles con-
necting to the scapula. They hypothesized that disruption
of the musculotendinous connection between the C-7
spinous process and the scapula was one of the causes of
postoperative axial neck pain. The C-6 spinous process is
the second longest spinous process after the C-7 process,
and it also serves as an aftachment point for the thom-
boid minor and the speculum rhomboidewn section of the
trapezius, which is composed of the middle fibers of the
trapezius and contains a very strong tendinous compo-
nent.*¢ Therefore, we postulated that preservation of the
paraspinal muscles of the C-6 spinous process in addition
to the C-7 spinous process might decrease postoperative
axial neck pain. The relationship between preservation
of the paraspinal muscles of the C-6 spinous process and
axial neck pain is not well understood. The purpose of the
current study was to clarify whether preservation of the
paraspinal muscles of the C-6 spincus process reduces
postoperative axial neck pain.

Methods

Patient Population

In total, 81 patients with no history of cervical surgery
underwent a C3-6 spinous process—splitting double-door
laminoplasty for the treatment of cervical spondylotic my-
elopathy (CSM) or cervical ossification of the posterior
longitudinal Yigament (OPLL) between January 2009 and
December 2010, Thirty-three patients were treated with a
paraspinal muscle preservation technique at the C-6 level
(C6-preservation group), and 48 were treated with a para-
spinal muscle nonpreservation technique at the C-6 level
(Co-nonpreservation group). A surgeon (I'Y) who was
interested in preservation techniques performed the C6-
preservation laminoplasties, and others (T.U. and T.M.)
performed the CoH-nonpreservation laminoplasties, our
conventional technique. Although selection of the surgeon
and the patients was not randomized in the current study,
the patients were not informed about the C-6 spinous pro-
cess preservation procedure, Of the patients, 60 were fol-
lowed up and examined for more than 1 year, The ethics
committee of our institution approved the study. Of the
60 patients, 44 were men, and the mean age of the group
was 66.5 years (range 47-81 years). Forty-three patients
had CSM and 17 had cervical OPLL. The mean follow-up
durations were 3 years 1 month (range 1.8-3.8 years) in
the C6-preservation group and 2 years 10 months {tange
1.5-3.8 years) in the C6-nonpreservation group. Twenty-
five patients underwent C6-preservation laminoplasty,
and 35 underweant C6-nonpreservation laminoplasty. No
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significant differences in age, sex, or diagnosis were ob-
served between the 2 groups (Table 1),

Surgical Procedures

In both of the groups, a midline skin incision was made
from the C-2 spincus process to the C-7 spincus process.
The nuchal ligament was incised in the midline. Then, the
incision was continued between the bilateral splenius capi-
tis and semispinalis capitis down to the spinous processes
from C-3 to C-6. All the bilateral muscles attached fo the
C-2 and C-7 spinous processes were preserved by the pro-
cedures performed in both groups.

In the C6-preservation procedure, the paraspinal mus-
cles were dissected, detached from the C-3 to C-5 poste-
rior aspect while the attachment points of the paraspinal
muscles such as rotators, multifidus, semispinalis cervicis,
rhomboid minor, and the speculum rhomboideum of the
trapezius (if attached to the spinous processes of C-6) were
left intact, and retracted to ensure exposure of the laminae
and the medial border of the facet joints. The epidural space
was exposed after opening the C-3 split spincus process us-
ing a surgical bur, with lateral gutters at the medial border
of the facet joint bilaterally. After midline blunt dissection
with cutting of the interspinous process ligament between
the C-6 and C-7 spinous processes, the epidural space was
minimally exposed. The attachments of the paraspinal
muscles to the C-6 and C-7 spinous processes were left in-
tact. The C-4, C-5, and C-6 spinous processes were split
longitudinally by a thread saw passed through the epidural
space from C-3 to C-6/C-7, and lateral gutters were made
bitaterally. At the C-6 level, bilateral gutters were made af-
ter minimal exposure of the medial border of the facet joint
by retracting the paraspinal muscles from the lamnina with
a Penfield elevator while leaving the muscular attachment
to the spinous process undisturbed. Bilateral halves of split
spinous processes and laminae were lifted and bilaterally
opened. A ceramnic spacer was placed between the split spi-
nous processes at each level (Fig. 1).

In the C6-nonpreservation procedure, the paraspinal
muscles were dissected and detached thoroughly from
the C-3 to C-6 posterior aspect. Longitudinal splitting
of the spinous process from C-3 to C-6 was performed
with a thread saw passed through the epidural space from
C-6/C-7 to C-2/C-3. The procedures for opening the split

TABLE 1. Patient characteristics and surgical invasion

C6-Preservation C6-Nonpreservation

Characterisfic Group {n = 25) Group (n = 35) p Value
Mean age in yrs 66.1 (47-7T9) 66.7 (4881} NS
{range)
Sex (maleffemale)” 19:6 2510 NS
CSM* 17 26 NS
OPLL" 8 9
Mean op time 1325342 8182209 <0.0001
{mins)t
mean EBL {g)f 6022417 406320 <0.05

EBL = estimated blood loss; NS = not significant.
* Values are the number of patients.
t Values are mean & SD.



Axial pain after C-6 paraspinal muscle preservation

FIG. 1. A and B: In the C6-preservalion procedure, the paraspinal muscles were dissected and detached from the C3-5 posterior
aspects. The C3-6 spinous processes were cut longitudinally at the midline using a thread saw, and the attachments of the
paraspinal muscles, such as rolafors, muitifidus, semispinalis cervicis, rhomboid minor, and the speculum rhomboideum of the
frapezius, if it was attached, to the spinous processes of C-6 were left intact. At the CE level, bilateral gutters were made after
minimal exposure of the medial border of the facet joint by refracting the paraspinal muscles from the lamina with a Penfield eleva-
for while leaving the muscular affachment to the spinous process undisturbed. C and D: In the C6-nonpreservation procedure,
the paraspinal muscles were dissected and detached tharoughly from the C3-6 and C-6 posterior aspecfs. E and F: Anteropos-
terior and Tateral radiographs after the CB-preservation procedure. Copyright (A—D) Eiji Mori. Published with permission.

spinous processes and placement of ceramic spacers were
the same as those described for the C6-preservation pro-
cedure (Fig. I).

Each patient in both groups wore a cexvical orthosis for
10 days after surgery. .

Clinical Examination

A 10-point visual analog scale (VAS) and VAS grad-
ing were used to assess axial neck pain 1-3 months after
surgery and at the final follow-up observation. Pain around
the neck and shoulder persisting for meore than 1 week in

_5 8_

the 1-3 months after surgery or for more than 1 month af-
ter surgery was considered postoperative axial neck pain,
Patients were asked to mark their level of pain under the
condition of no analgesics. The VAS grades were defined
as follows: Grade I, 0-2.5 points; Grade I, 2.6-5.0 points;
Grade III, 5.1-7.5 points; and Grade IV, 7.6-10.0 points.
Axial neck pain was classified as 1 of 5 types as follows:
pain, stiffness, tension, tightness, or traction. The axial neck
pain areas of distribution were defined as follows: nuchal
region, suprascapular region, superior angle of the scapular
region, scapular region, and inferscapular region (Fig. 2).
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The type(s) and area(s) of distribution of axial neck pain
(patients were allowed to select multiple types and/or ar-
¢as) were examined and defined as positive when patients
experienced pain 1-3 months after surgery or at the final
follow-up observation. The examination for axial neck pain
was performed by a clerical nonsurgical staff member who
was blinded to the patients’ surgical status. The correlation
between the ratio of the length of the C-6 spinous process
to that of the C-7 spinous process (C-6/C-7 spinous process
length ratio) and the VAS score for axial neck pain was ex-
amined after surgery or at the final follow-up. These items
concerning axial neck pain were compared between the
Co6-preservation and C6-nonpreservation groups. Surgical
invasion was also compared between the groups. The
ROM and sagittal alignment from C-2 to C-7 were exar-
ined before and after surgery and compared between the 2
groups. Neurological function was assessed by using the
Japanese QOrthopaedic Association (JOA) scale (full score
17), which was administered by a doctor who was blinded
to the patients’ surgical status.

Statistical Analysis

The clinical parameters of the 2 groups were compared
using the Maon-Whitney U-test and the Fisher exact test.
The correlation between the C-6/C-7 spinous process
length ratio of each patient and his or her VAS score for
axial pain was analyzed using Pearson’s correlation coef-
ficient. Statistical analysis was performed using the TMP
program (version 8; SAS Institufe Japan). p values of <
0.05 were considered statistically significant. Means are
presented + SD.

Results

The mean surgical time was significantly longer and
the estimnated blood loss was significantly greater in the
C6-preservation. group than in the C6-nonpreservation
group (Table 1).

VAS Scores for Axial Neck Pain and VAS Grades

The mean VAS score for axial neck pain in the C6-
preservation group was equivalent fo that in the C6-
nonpreservation group 1-3 months after surgery (4.1 +3.1
vs 4.0 + 3.2, respectively). Moreover, the mean VAS scores
for axial neck pain were comparable between the 2 groups
at the final follow-up observation (3.8 £ 29 vs 3.6 + 3.0,
respectively) (Fig. 3). The VAS grade distributions were
comparable between the groups at both 1-3 months after
surgery and the final follow-up observation (Fig. 4).

Nuchal region

pr
-
-
-
-

__ Superior angle of
ihe scapular region

Interscapular region

FIG. 2. Lecations of axial neck pain (5 separale regions).
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FIG. 3. VAS scores for axial neck pain in the C6-preservation and G6-
nonpreservation groups 1-3 months after surgery and at the final follow-
up observation. The while columns denote the C6-preservation group,
and the gray columns denote the C6-nonpreservation group. There
were no differences in the mean VAS scores of the 2 groups at either
postoperative stage.

Type of Axial Neck Pain

Among the types of axial neck pain, stiffness was the
most prevalent complaint in both the C6-preservation and
C6-nonpreservation groups (64.0% and 54.5%, respec-
tively). Subsequently, pain was prevalent in both groups
{(40.0% and 39.4%, respectively). The prevalences of the
types of axial neck pain were comparable befween the
groups for all 5 types (Fig. 5).

Location of Axial Neck Pain

Among the locations of axial neck pain, the supra-
scapular region was the most common site in both the C6-
preservation and C6-nonpreservation groups (60.0% and
57.1%, respectively). Subsequently, the nuchal region was
commonly affected in both groups @8.0% and 45.7%, re-
spectively). The prevalences of axial neck pain were com-
parable between the groups at all 5 regions (Table 2).

C-6/C-7 Spinous Process Length Ratio and Axiaf Neck
Pain

The mean C-6/C-7 spinous process length ratios
were comparable between the C6-preservation and C6-
nonpreservation groups (769 + 9.9 vs 78.0 + 11.2, respec-
tively). The C-6/C-7 spinous process length ratios of the
patients were not significantly correlated with the VAS
scores for axial neck pain either 1-3 months after sur-
gery or at the final follow-up in the C6-preservation group
(Fig. 6). Similarly, no significant correlation between the
C-6/C-7 spinous process length ratios and the VAS scores
for axial neck pain was observed for either postoperative
stage in the Cé-nonpreservation group (Fig. 7).

Radiographic and Neurologieal Qutcomes

The reductions of ROM at the final follow-up visit, which
were greater in the subgroup of patients with OPLL than in
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FIG. 4. The distribution of VAS grades for axial neck pain in the C6-preservation and C6-nonpreservation groups 1-3 months after
surgery and at the final follow-up chservation. There were no differences in the distributions of VAS grades between the 2 groups

for either postoperative stage.

the subgroup of patients with CSM, were comparable be-
tween the C6-preservation and C6-nonpreservation groups
in both of these subgroups (Table 3). Neither fracture of
the lamina nor dislodgement of a spacer was observed in
either of the 2 groups in the follow-up period. The sagittal
alicnment conversion of precperative lordosis to postop-
erative kyphosis was observed in only 2 patients in the C6-
nonpreservation group. A loss of C2—7 lordosis of > 10° was
observed in 2 patients (8.0%) in the C6-preservation group
and in 3 patients (8.6%) in the CG-nonpreservation group.
The JOA score and its recovery rate were not significantly
different between the 2 groups (Table 4). The mean hospi-
tal stay was 43.7 % 21.3 days in the C6-preservation group
and 42.5 + 16.0 days in the C6-nonpreservation group.
The patients participated in a rehabilitation program after
surgery during their stay in the hospital. Therefore, they
were not discharged soon after their surgery. In the C6-
preservation group, 3 patients (12%) experienced dysesthe-
sia in the upper extremities after surgery. These unpleasant
symptoms were relieved in a few weeks with conservative
treatment. One patient had cerebrospinal fluid pooling in
the surgical site, which was identified after surgery and
was associated with headache and nausea. He was treated
conservatively and successfully without neurological wors-
ening. Another patient had night delirium that lasted only a
few nights. In the C6-nonpreservation group, there were 5

_60..

patients (14.3%) who experienced postsurgical dysesthesia
in the upper extremities, which was relieved with conserva-
tive treatment in a few weeks. One patient was diagnosed
with pneumonia after surgery and was treated successfully
with antibiotics. One patient with an electrolyte abnor-
mality and the patient with night delirivm were managed
conservatively. It was fortunate that neither neurological
worsening {(including C-5 paresis) nor any other serious
complications, such as surgical site infection, nerve injury,
or hematoma, occurred in either group.

Discussion

Postoperative axial neck pain typified by persistent pain
around the neck and shoulders is a common problem as-
sociated with cervical laminoplasty?#1212 There have been
wide variations in the incidence of axial neck pain after
various types of laminoplasty technigues.Si3# Several
posterior cervical decompression techniques, such as
skip laminectomy? segmental partial laminectomy,” and
muscle-preserving laminoplasty,* have been introduced
in an attempt to reduce postoperative complications, in-
cluding axial neck pain. In terms of preventing axial neck
pain, the results were not always favorable 22 Although
the exact canse of axial neck pain has not been detected,
intraoperative invasion to the nuchal muscles is presumed

J Neurosurg Spine Month Day, 2014 &
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to be involved in this complication 72! Nuchal muscles,
such as the trapezius, thomboid mincr, splenius capitis,
and serratus posterior superior muscles, are more densely
and closely bound to the C-7 spinous process than other
upper or middle cervical vertebrae! Moreover, the maxi-
mum force generated by the trapezius has been reported
among the cervical vertebrae to be the greatest at C-730
In clinical research, the authors of one study reported that
axial pain was induced after upper thoracic surgery and
required detachment and spreading of the spinous process
or vertebral arch at the cervicothoracic junction; these re-
sults were in contrast to those after middle or lower tho-
racic surgery, which was associated with no strong postop-
erative pain around the surgical wound.”® These findings
suggest that the connection of the nuchal muscles with the
C-7 spinous process is very important and related to the
pathology of postoperative axial neck pain. Focusing on
preserving the large spinous process of C-7 as the impor-
tant origin of the nuchal muscles, Hosono et al.¢ conducted
a comparative study of conventional C3-7 laminoplasty
and C3-6 laminoplasty by limiting the range of decom-
pression with preservation of the C7 spinous process. They

TABLE 2. Prevalence of axial neck pain at each of the §
locations*

C6-Preservation CB-Nonpreservation

Region Group {n =25) Group (n = 35) p Value
Nuchal 12 (48.0) 16 (45.7) NS
Suprascapular 15 (60.0} 20 (57.1) NS
Superior angle of 4 (16.0) 7{20.0) NS

the scapula
Scapular 1{4.0) 3{8.6) NS
Interscapular 1(4.0) 4(11.4) NS

* Values represent number (%) of pafients,
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demonstrated the superiority of C3—6 laminoplasty over
C3-7 laminoplasty in regard to axial neck pain; the inci-
dence of postoperative axial neck pain was only 5.4% after
C3-6 laminoplasty versus 29% after the C3—7 procedure.
They emphasized the importance of preserving the C--7
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correlated with the VAS scores for axial neck pain either 1-3 months
after surgery (upper) or ai the final follow-up observation (fower).

spinous process and the origin of the trapezius and rhom-
boid minor muscles on the C-7 spinous process for pre-
venting postoperative axial neck pain. Patients with axial
neck pain often experience increasing pain in the sitting or
upright position, in contrast to decreasing pain in a lying
position. Hosono et al ® provided the following explanation
for the pain pattern. Downward displacement of the upper
extremities occurs in the sitting position because of grav-
ity. The trapezius and thomboid 1minor muscles connecting
the C-7 spinous process and the scapula are stretched by
adduction of the scapula with downward displacement of
the upper extremities. The disruption of the connection at
the C-7 spinous process, serving as the important muscu-

TABLE 3. ROM before and after surgery

Axiat pain after C-6 paraspinal muscie preservation

TABLE 4. Neurological outcome

Mean + SD
CB-Preservation C6-Nonpreservation

Condition and CB Preservation C6 Nonpreservation p
Parameters Group {n = 25} Group (n=35) Value

No.ofpatienfsw/CSM ~ ~ 17 26

Preop ROM (°)* 3522117 30.1x138 NS

Final FU ROM (°) 28.8x11.2 258115 NS

% ROMT 818 857 NS
No. of patients wf OPLL 8 9

Preop ROM (°)° 23590 21134 NS

Final FU ROM (*)* 18597 14877 NS

% ROM (%)t 787 704 NS
FU = follow-up.

* Values are presented as the mean + SD.
t % ROM indicates (preop ROM/ROM at final follow-up) x 100.
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Cufcome Group (n = 25) Group{(n=35)  pValve
Preop JOA score 10.2£29 98227 N3
Final FU JOA score 144+ 34 13.6+3.0 NS
Recovery rate (%)  60.8+213 5718+295 NS

* Recovery rate caleulated as follows: (JOA atfinal follow-up — preop JOAAMT
— precp JOA) x 100,

lar attachment point for these muscles, might increase the
stress on the remaining muscles attached to other spinous
processes, resulting in persistent axial pain.

The attachment of the trapezins ranges widely from the
occipital bone to the T-12 spinous process. In particular,
the speculum rhomboideum section, which is composed
of the middle fibers of the trapezius, is very strong because
of the presence of a very sfrong tendinous component.
From an anatomical study using 50 cadavers, Ono et al}¢
reported that the speculum rhomboideus of the trapezius
attached to the spinous process between C-3 and T3,
and its center was located at the C-7 spinous process in
more than half of the individuais. The attachment of the
rhomboid minor muscle to the spinous process occurred
between C-5 and C-7. The C-6 spinous process is the sec-
ond longest spinous process next to the C7 in the cervical
region, and it plays a role as an attachment point for these
muscles. Ono et al.X6 also stated that > 50% preservation of
the attachment of the speculum rhomboideum of the tra-
pezius was possible in 72% of the patients who underwent
C3-6 laminoplasty with preservation of the C-7 spinous
process and in 88% of the patients who underwent C3—
C5 laminoplasty. The thomboid minor muscle was pos-
sibly spared without complete dissection of the muscular
attachment at the spinous process in 35% of the patients
whoe underwent C3-6 lamincplasty and in > 50% of the
patients who underwent C3-5 laminoplasty. Therefore,
preserving the attachment of the paraspinal muscles to the
C-6 spinous process in addition to the C-7 spinous process
increases the preservation of the muscular attachroent at
the spinous process in the central area of the speculum
rhomboideus of the trapezius and the rhomboid minor,
potentially reducing axial neck pain more than that after
using the preservation technique on the C-7 spinous pro-
cess alone. However, the relationship between preservation
of the C-6 spinous process and axial neck pain has not
been studied thoroughly. Contrary to our expectations, the
mean VAS scores and the distributions of VAS grade for
axial neck pain were amazingly comparable between the
C6-preservation and C6-nonpreservation groups in both
the early and late postoperative stages. In addition, neck
pain as assessed by VAS scores and the type of pain and
its location were siinilar between the 2 groups. These re-
sults demonstrate that our paraspinal muscle preservation
procedure for the C-6 spinous process was not superior
to the C6-nonpreservation technique in ferms of reducing
postoperative axial neck pain.

We assume that the reason that the C6-preservation
proceduze did not achieve a successful result regarding
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axial neck pain includes anatomical and technical aspects.
We did not know the range of attachment of the speculum
rhomboidenm of the trapezius and the rhomboid minor
to the spinous process in each patient; therefore, we did
not understand the extent of preservation of these muscles
with regard to treatment of the paraspinal muscles at the
C-6 spinous process. The maximum degree of preserva-
tion of these muscles and the resulting effect on the control
of axial neck pain might be reached with preservation of
the C-7 spinous process regardless of the C-6 procedure.
Although we also examined the relationship between the
length of the C6 spinous process and axial neck pain, the
C-6/C-7 spinous process length ratios were similar in the
2 groups, and furthermore, they did not correlate with
axial neck pain. From a technical viewpoiat, cur preserva-
tion technique for paraspinal muscles at the C-6 spinous
process did not clarify whether the C-6 spinous process
and its attachment of paraspinal muscles were left intact,
The longitudinally split C-6 spinous process and lamina
were spread similar to opening a double door while leav-
ing the muscular attachment to the split spinous processes
undisturbed, but the connections of the spinous process to
the paraspinal muscles and nuchal ligament were differ-
ent than those in the original alignment. Our preservation
technique at the C-6 level might be insufficient for pre-
venting axial neck pain, but another decompression tech-
nique allowing the C-6 spinous process and its paraspinal
muscle attachment to be left intact could be successful.

Stiffness and tension, which were frequently observed
in the patieats in our study, seem to be similar to symptoms
derived from back muscle diseases after lumbar surgeryls
Almost half of the patients in the present study presented
with pain in the nuchal or suprascapular region, and these
areas seem to correspond to those in which nuchal muscles
are stretched between the scapula and spinous processes
by adduction of the scapula with downward displacement
of the upper extremities. These findings suggest that the
pathology of axial neck pain is mainly attributable to in-
traoperative invasion of the nuchal muscles.

The pathology of neck pain after posterior cervi-
cal surgery is multifactorial. Highsmith et al* conducted
a comparative study of laminoplasty and laminectomy
with fusion in patients with cervical stenotic myelopa-
thy. Preoperative neck pain VAS scores of 3.2 increased
slightly postoperatively to 3.4 in the laminoplasty group,
whereas in the fusion group, VAS scores significantly im-
proved from 5.8 to 3.0. The authors concluded that cervi-
cal fusion significantly reduces neck pain in patients with
cervical stenotic myelopathy. Motion-related pain, which
is improved by stabilization with fusion, is an important
factor in neck pain. This clinical study demonstrated this
kind of neck pain. The pathology of preoperative neck pain
is possibly different from that of postoperative neck pain.
Although pain was reduced after fusion, postoperative
neck pain in the fusion group was comparable to that in
the laminoplasty group. Spinous processes and paraspinal
muscular attaclunents were not preserved in either of the
groups. Postoperative neck pain might have been related to
the resection of spinous processes associated with the dis-
section and defachment of paraspinal muscles.

We used only pain characteristics such as intensity, pat-
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tern, and location to evaluate axial neck pain. We believe
that cur assessment for neck pain was not sufficient, be-
cause neck pain is an individual unpleasant sensory and
emotional experience that is affected by various factors,
including cervical pathologies and psychological issues.
We found no differences in the VAS scores for axial neck
pain between the CSM and OPLL subgroups 1-3 months
after surgery or at the final follow-up observation (3.8 +
32vs47+30[p>005]and 3.5+31vs40+25p>

-0.05], respectively). We should have adopted the use of ad-

ditional instruments such as the Neck Disability Index,2*
which is most widely used to assess the effect of neck
pain on the ability to manage everyday tasks, and the Self-
rating Depression Scale,> which is used for the assessment
of psychological factors. These additional evaluations
probably would have helped us identify the differences in
axial neck pain in our 2 groups of patients.

When VAS Grade III and IV axial neck pain & 5.0
VAS points) in the present study was considered nearly
comparable to moderate and severe axial pain (inedicine
or physical therapy for the painful muscles regularly need-
ed), respectively, the incidence of axial neck pain in the
late postoperative period was 34% in our study compared
with 54% in the study of Hosono et al.$ in which these
grades of pain were defined as axial neck pain. Although it
is not precise to compare the results directly between these
2 studies because of the differences in axial neck pain
measurements, the incidence of postoperative axial neck
pain was higher in our study than in the study of Hosono et
al. despite the use of C3-6 laminoplasty with C-7 spinous
process preservation in both studies. This finding suggests
that the difference in the laminoplasty techniques, double-
door laminoplasty in our study and open-door lamino-
plasty in their study, possibly contributes to the pathology
of axial neck pain. The purpose of the present study was
to examine the efficacy of preserving the paraspinal mus-
cular attachment to the C-6 spinous process in reducing
postoperative axial pain. Our technique for preserving the
C-6 spinous process did not effectively diminish pain.

The current study has some limitations. The study
was retrospective, and the patients were not randomly as-
signed to their treatment group. Not only the individual
surgeons but also the number of surgeons between the
2 groups were different. There are biases based on the
technical variety of the surgeons and patient selection. A
randomized prospective study without any biases would
have been ideal. However, this was a preliminary noaran-
domized comparative study aimed at investigating the ad-
vantages of the paraspinal muscle preservation technique
before a randomized study is conducted. Each surgeon in
each group was an expert spine surgeon with more than
10 years of experience who had no technical difficulty in
handling the paraspinal muscles. Therefore, the difference
in the surgeons between our 2 groups does not seem to
highlight a difference in the surgeons’ skills. The sample
size was smail, and it included a combined population of
patients with CSM and cervical OPLL. There was no im-
age assessment of the paraspinal muscles at the C-6 level,
including atrophy or signal changes of muscles concomi-
tant with postoperative clinical evaluations, A prospective
randomized study with a large sample size would be re-



quired to compare the effect of differences in axial neck
pain on the clinical outcome of C3-6 laminoplasty versus
that of C3-5 laminoplasty with the preservation of the C-6
spinous process out of the range of decompression.

Conclusions

The VAS scores for axial neck pain and the distribu-
tion of VAS grades in both the early and late postoperative
stages and the types and locations of axial neck pain were
comparable between the C-6 paraspinal muscle preser-
vation procedure and the C6-nonpreservation procedure.
The C6-preservation technique was not superior to the
C6-nonpreservation technique in preventing postoperative
axial neck pain.
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Motion characteristics and related factors of Modic
changes in the lumbar spine
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OBJECT Most studies of Modic changes {MCs}) have focused on investigating the relationship between MCs and low-
back pain, whereas the kinematic characteristics and degenerative disc disease associated with MCs are not well under
stood. To the authors' knowledge, no previous study has reported on the kinematics of MCs, The purpose of this study
was to elucidate the relationship of MCs to segmental mofion and degenerative disc disease,

METHODS Four hundred fifty symptomatic patients underwent weight-bearing lumbar kinematic MRI in the neutral,
flexion, and extension positions. Segmental displacement and infervertebral angles were measured in 3 positions using
computer analysis sofiware. Medic changes, disc degeneration, disc bulging, spondylolisthesis, angular motion, and
franslational mofion were recorded, and the relationship of MCs to these factors was analyzed using a logistic regression
model. To confrol tie influence of disc degeneralion en segmental motion, angular and translational motion were ana-
lyzed according to mild and severe disc degenerafion stages. The motion chatacteristics and disc degeneration among
types of MCs were also evaluated.

RESULTS Multivariate analysis revealed that age, disc degeneralion, angular motion, and translational motion were
faclors significantly related fo MCs. In the severe disc degeneration stage, a significant decrease of angular motion and
significant increase of translational motion were found in segments with MCs, indicating that a disorder of the endplate
had an additional effect on segmental motion. Disc degenerafion increased and angular motion decreased significantly
and gradually as the type of MC increased. Translational motion was significantly increased with Type 2 MCs.
CONCLUSIONS Age, disc degeneration, angular motion, and translational motion were significantly linked to MCs in
the lumbar spine. The {ranslational motion of lumbar segments increased with Type 2 MCs, whereas angular motion
decreased as {he type of MC increased, indicating that Type 2 MCs may have translational instability likely due fo degen-
erative changes. A disorder of the endplates could play an imporiant role in spinal instability.

http:#ihejns.org/doifabs/10,3171/2014,10. SPINE14496

KEY WORDS Maodic changes; lumbar spine; kinematic analysis; magnetic resonance imaging; logistic regression
analysis; degenerative disc disease

obic changes (MCs) are bone marrow and end-
M plate changes visible on MRI of patients with de-
generative disc disease.®! Modic Type I chang-
es are hypointense on T1-weighted MRI and hyperintense

on T2-weighted MRI, and are detected in areas with in-

flammation. Modic Type 2 changes are hyperintense on
both T1- and T2-weighted MR images and are detected in
areas with fatty degeneration. Modic Type 3 changes are
hypointense on both T'1- and T2-weighted MR images and
detected in areas with sclerosis.

ABBREVIATIONS Cl = confidence interval; MC = Modic change; OR = odds ratio.
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Many previous papers?!®:€ associated with MCs in the
lumbar spine have been published, but most of them are
focused on the relationship between MCs and low-back
pain %7 Some previous studies'®!® demonstrated the re-
[ationship between nonfusion after surgery and MCs, and
have reported on the instability related to bone marrow
changes without using MCs. To our knowledge, no study
has reported on the kinematics of MCs. In addition, few
studies have reported on the relationship between MCs
and degenerative disc disease.

‘We hypothesized that lumbar MCs have some relation-
ship to segmental motion and degenerative disc disease in
the process of degenerative changes. The objective of this
study was to evaluate how MCs relate to segmental lum-
bar motion and degenerative disc disease using kinematic
MRI.

Methods
Patient Population

Four hundred fifty consecutive symptomatic patients
(267 men and 183 women) with an average age of 44.6
= 12.2 years (range 17-77 years) were examined from
March 2011 to October 2011, The inclusion criteria were
defined as patients who had Jow-back pain with or without
neurological symptoms, The exclusion criteria were trau-
ma, infection, rheumatoid arthritis, spinal tumors, and his-
tory of lumbar spine surgery. A total of 2250 lumbar dises
from L1-2 to L5-81 were retrospectively evalnated for all
patients in this study. The Institutional Review Board of
the University of California at Los Angeles approved this
study and informed consent was obtained from all par-
ticipants.

Kinematic MRI

MRI of the spine was performed using a 0.6-T MRI
machine (Upright Multi-Position, Fonar Corp.). Two verti-
cally orientated, opposing magnetic doughnuts placed 18
inches apart were used, allowing scanning of the patient
sitting in an upright, axially loaded position. A quad-chan-
nel planar coil was used to obtain images. We examined
the T1-weighted sagittal spin echo images (TR 671 msec,
TE 17 msec, thickness 4.0 mm, field of view 30 cm, matrix
256 x 224, number of excitations 2) and T2-weighted fast
spin echo images (TR 3000 msee, TE 140 msec, thickness
4.0 mm, field of view 30 cm, matrix 256 x 224, number of
excitations 2) of each patient. All patients were scanned in
the flexion, neutral, and extension positions.

MRI Analysis

Midsagittal T2-weighted MR images were marked
for digitization by 3 spine surgeons on the flexion, nen-
tral, and extension position images. Vertebral bodies were
marked at 4 points (anterior-inferior, anterior-superior,
posterior-superior, and posteriorinferior) from L-1 to
§-1. The lowest lumbar vertebra was defined as L-5. All
MRI parameters were recorded by computer-based mea-
surements, and all calculations were performed with the
MRI Analyzer anatomical software (version 3, Truemet-
ric Corp,) for objective quantification as described in prior
publicationg 6151920
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Disc bulging was measured as the extension of the disc
beyond the intervertebral space, with a greater value rep-
resenting greater posterior bulgingt®*® Spondylolisthesis
was measured as the displacement of 1 vertebral body on
the adjacent level below in the anterior or posterior direc-
tion as observed on the neutral image

Segmental mobility was measured in terms of transla-
tional motion and angular motion (Fg. 1). Translational
motion was defined as an anterior to posterior shift of the
vertebral body during translation and was calculated by
measuring the distance of one segment over another in
millimeters using T2-weighted sagittal images 362 Angu-
lar motion was defined as the angle of difference between
each vertebral body in flexion and extension.*%** This was
measured by drawing lines along the superior borders of
adjacent vertebrae of each motion segment and extending
them uniil they joined. The difference between the two
angles, which were not direction dependent, was then cal-
culated,

Assessment of MCs

Modic changes were also evaluated for 2250 segments
from L1-2 to 15-81 and classified into none or Types
1, 2, and 3, according to their signal patterns on T1- and
T2-weighted sagittal MR images. Type 1 MCs had a hy-
pointense signal on T1-weighted sequences and a hyperin-
tense signal on T2-weighted sequences. Type 2 MCs had
a hyperintense signal on Tl-weighted sequences and hy-
per- or isointense signal on T2-weighted sequences. Type
3 MCs had a hypointense signal on T1- and T2-weighted

. sequences.®! The intra- and interobserver reliability of

the ratings for MCs were assessed using the x value with a
subset of 50 cases (250 intervertebral levels),

Assessment of Degenerative Disc Change

Disc degeneration was classified into 5 grades using
T2-weighted sagittal MR images according to the grading
system proposed by Pfirrmann et al.}* Grade I indicated
normal, whereas Grade V indicated the most advanced
disc degeneration. Intra- and interobserver reliability for
this grading system was previously reported

Statistical Analysis

The Mann-Whitney U-test was used for comparisons of
disc degeneration, disc bulging, spondylolisthesis, angular
motion, and translational motion. According to correction
with Bonferroni’s inequality in the Kruskal-Wallis test,ap
value less than 0.0125 (0.05/4) was considered statistically
significant for comparison among types of MCs. After the
variables were categorized, the chi-square test was used
for the comparisons. Logistic regression analyses were
used to compute odds ratios (ORs) and 95% confidence
intervals (CIs) and detect the association between the exis-
tence of MCs and related factors. The variables in the mul-
tivariate model were clinically important from previous
reports, regardless of statistical significance®!* Disc de-
generation grade was categorized into mild (Grades I-11I)
and severe (Grades IV and V). Age, spondylolisthesis, disc
buiging, angular motion, and translational motion were di-



MR Flgxion
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FIG. 1. Examples of frans!ational and angular motion from fiexion to
exiension as measured by MR Analyzer computer-based software on
sagittal MR images. A: Translational motion in flexion. B: Translational
motion in extension, Total translational motion was calculated as the
absolute value of the difference between flexion and extension. C:
Angular motion in flexion, D: Angular motion in extension. Total angular
motion was calculated as the absolute value of the difference between
the angle between adjacent veriebral bodies in flexion and in extensicn
in degrees. Tan ef al; Kinefic magnetic resonance imaging analysis of
lumbar segmental mobility in patients without significant spondylosls.
Eur Spine J 21:2673-2679, 2012. Copyright Springer. Reproduced with
kind permission from Springer Science and Business Media, Figure is
available in color online only.

vided into 2 groups, establishing the cutoff points at the
median because no definitive cutoff point was found in
a previous paper. Statistical analyses were performed us-
ing SPSS computer software (version 20, IBM Corp.) and
values were expressed as mean = SD, A p value less than
0.05 was considered statistically significant. According to
Landis and Koch/? the reliability of diagnosis was assessed
as follows: k¥ = 0-0.2 indicated slight agreement, 0.21-04
fair agreement, 0.41-0.6 moderate agreement, 0.61-0.8
substantial agreement, and 0.81-1 excellent agreement.

Results
Prevalence of MCs

Modic changes were observed in 129 (28.7%) of 450
patients. Cne hundred sixty-four (7.3%) of 2250 lumbar
segments had MCs: Type 1 in 43 segments, Type 2 in 115,
and Type 3 in 6. Modic changes were most frequent at
L5-81 followed by L4-5 and L3-4.

Reliability of Diagnosis of MCs

The interobserver agreement was substantial with a x
value of 0.77. Also, the intracbserver agreement was ex-
cellent with a k value of 0.82.
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Motlon characteristics of lumbar Modic changes

Link to Disc Degeneration, Disc Bulging,
Spondylolisthesis, Angular Motion, and Translational
Motion at Each Level

The relationship between MCs and disc degeneration
grade, disc bulging, spondylolisthesis, angular motion,
and translational motion at each level are shown in Table
1. Analysis of disc degeneration revealed significant dif-
ferences between the group with MCs and the group with-
out MCs in all segments, indicating that the segments with
MCs had more severe disc degeneration. A significant in-
crease in disc bulging was observed at al] segments except
L.5-51 between units with MCs and those without MCs.
Also, a significant increase in spondylolisthesis was ob-
served at L1-2, L4-5, and L5-81 in the group with MCs,
In terms of kinematic analyses, a significant decrease in
angular motion was found at L2-3, L3-4, and L4-5 in
units with MCs, and a significant increase in translational
motion was observed at all segments with MCs except

L5-SL.

TABLE 1. Comparison between patients with and without MCs at

each level
Variable MCs NoMCs  pValue
Disc degeneration grade
11-2 37x13 2107 0.001
L2-3 4109 2208  <0.001
L3-4 4010 2309  <0.001
Ld-5 4107 26=13  <0.001
L5-81 4207 27+12 <0001
Dis¢ bulge {mm)
L1-2 3514 2.6+09 0.038
L2-3 3712 2910 0.01
L3-4 37=13 3214 0.03
L4-5 4317 36+13 0.008
L5-81 43+19 4117 0.38
Spondylolisthesis {mm)
Li-2 1509 0606 0.004
L2-3 14110 0807 0.24
L3-4 20x25 08+07 0.07
L4-5 2123 1.2+14 0.02
L5-81 3327 2417 0.007
Angular motion (%) )
L1-2 78=4.8 66237 0.44
L2-3 60+28 B1=39 0.03
L3-4 5535 8.2+43 0.002
L4-5 6035 79%50 0.039
L5-81 52239 58245 0.31
Translational motion {mm}
L1-2 26=14 13209 0.003
L2-3 2317 14210 0.03
L3-4 2327 1109 0.03
L4-5 1720 1009 0.03
15-51 12+14 1.0=0.9 0.47
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TABLE 2. Difference between segments with and without MCs in the mild and severe disc degeneration groups

Mild {Grade |-11) Severe (Grade IV & V)
Motion No MCs MCs p Value No MCs MCs p Value
Angular 75243 6.8 +36 6.8+46 53+37 0,002
Translafional 12+08 1513 1210 1620 0.04
NS = Not significant,
Segmental Motion With and Without MCs in Mild and Factors Related to MCs

Severe Disc Degeneration Stage

To control the influence of disc degeneration on seg-
mental motion, angular and translational motion were ana-
lyzed accerding to mild (Grades I-III) and severe (Grades
IV and V) disc degeneration stage (Table 2). No significant
differences were observed between the groups withcut and
with MCs with mild disc degeneration, whereas a signifi-
cant decrease of angular motion and significant increase
of translational moticn were found in the group with MCs
with severe disc degeneration. This resnlt indicates that
segmental motion is affected by the presence of MCs in
patients with severe disc degeneration. The disorder of the
endplate would have an additional effect on segmental mo-
tion.

TABLE 3. Analysis of related factors to MCs

Factors potentially related to the changes were evalu-
ated using the chi-square test and logistic regression
analysis to control confounding factors (Table 3). Using
univariate analysis, significant differences were found in
age, disc degeneration, spondylolisthesis, disc bulging,
and angular motion. Next, a multiple logistic regression
model was used to adjust for age, sex, levels, disc degener-
ation, spondylolisthesis, disc bulging, angular motion, and
translational motion, which were factors likely to relate to
MCs and segmental motion. After adjustment for poten-
tial confounding factors, significantly elevated ORs were
observed in segments with age > 45 years (OR 2.11, 95%
CI 1.41-3.15), severe disc degeneration {OR 11.3, 95% CIL
7.33-174), angular motion =< 6.8° (OR 1.70,95% CI 1.17-
2.48), and translational motion > 1.0 mm (OR 1.45, 95%

No. of Discs {%)

No MCs MCs Crude OR Adjusted ORfT
Factor {n=2086) (n=164) p Value* {95% CI (95% CI)

Age (yrs) .

=45 1108 (53} 42 {26) Reference Reference

>45 978 (47) 122 {74) <0.001 3.29(2.29-4.72)t 211 (1.41-3.15)F
Disc degeneration

Mild {Grades I-tl1) 1704 (82) 31 (19) Reference Reference

Severe (Grades IV-V) 382 (18) 133 (81) <0,001 194 (12.7-28.7)f 11.3 (7.33-174)t
Spondylolisthesis (mm)

=0.8 1123 (54) 45 (27) Reference Reference

>0.8 963 (46) 119 (73) <0.001 3.08 (2.16~4.39)F 1.47 (0.98-2.20}
Disc bulge (mm)

3.1 1100 (53} 46 (28) Reference Reference

>34 986 (47) 118 (72) <0001 2,86 (2.01-4.07)1 1.10 (0.74-1.65)
Angular motion (%}

<6.8 1026 (49) 112 {68) 2.23 (1.58-3.13)t 1.70 (1.17-2.48)

>6.8 1060 (51) 52 (32) <0.001 Reference Reference
Translational moticn {mm)

<1.0 1120 (54) 84 (51) Reference Reference

>0 966 (46) 80 (49) 0.541 1.10 (0.80-1.52) 145 {1.01-2.09)f

* Calculated using the chi-square test.
t p<0.05, calculated by the univariate and multivariate analyses.

71 The logistic regression model was adjusled for age, sex, level, disc degenerafion, spondylolisthesis, disc bulge, angular motion, and frans-

lationa! motion,
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CI 1.01-2.09). Although the crude OR for transiational
motion was not significant (OR 1.10, 95% CI 0.80-1.52), it
increased to significance after adjustment for several po-
tential confounders.

Motion Characteristics of Types of MCs

The mean value of the disc degeneration grade in each
MC type was 2.4 = 1.0 for Type 0, 3.8 = 0.9 for Type 1,4.2
= 0.7 for Type 2, and 5.0 = 0.0 for Type 3. The analysis of
disc degeneration among types of MCs showed a signifi-
cant increase between Type 0 and Type 1, Type 1 and Type
2, and Type 2 and Type 3 (p < 0.001, p = 0.004,and p =
0.004, respectively) (Fig. 2). The analysis of angular mo-
tion among types of MCs showed Type 3 had significantly
less than other types, and Type 2 was significantly less
than Type 0 (Type 1 and 3, p = 0.003; Type 2 and 3,p =
0.003; Type 0 and 3, p = 0.004; Type 0 and 2, p < 0.001),
indicating Types 2 and 3 had less angular motion (Fig. 3).
The analysis of translational motion among types of MCs
revealed a significant increase between Type 0 and 2 (p =
0.006), indicating Type 2 changes had more translational
instability than Type O (Fig. 4).

Discussion

A thorough understanding of .Jumbar segmental mo-
tion is valuable to treat patients with degenerative lumbar
disease, but kinematics associated with MCs in the lum-
bar spine have not been well understood, Our multivariate
analysis showed MCs were significantly related to angu-
lar motion and transtational motion. In addition, we were
able to identify the details of the moticn change among
the types of MCs. Our study showed significant decreases
in angular motion of Type 2 and Type 3 MCs and a sig-
nificant increase in translational motion of Type 2. To the
best of our knowledge, this is the first study assessing the
relationship between segmental motion and MCs.

The reason for the decreased angular motion of Type 2
and Type 3 may be related to the disc degeneration grade.
The relationship between disc degeneration and motion
was studied by Kong et al.f who reported a kinematic
analysis of the relationship between the grade of disc de-
generation and motion of the segmental unit of the lumbar
spine, and demonstrated that angular motion significantly
decreased in severely degenerated segments (Grade V).
Their study was consistent with our results because we
showed a significant increase of disc degeneration grade
associated with an increase in the type of MCs (Fig. 2).
Decreased or collapsed dise height due to degenerative
change would result in decreased angular moticn.

The reason for the increased translational motion also
might be related to the disc degeneration grade. Transla-
tional motion was reported to be significantly increased in
more advanced disc degeneration grade except for Grade
V& In addition, Kirkaldy-Willis and Farfan* postulated 3
stages with different conditions of stability and motion
in the degenerative lumbar spine: dysfunction, instability,
and stabilization. Their reports were consistent with our
results of transiational motion. Increased translational mo-
tion at Type 2 may indicate the stage of instability. The

_.69_.

Motion characteristics of lumbar Modle changes

grade *
1 * —

5 * %k i

4

3 4

2 1

1 4

¢ g ; T

type O type 1 type 2 type 3

*P=0.004
2 P<0.001

F16G. 2. Bar graph of dis¢ degeneration grade {1-5) ard types of MC. A
significant increase of disc degeneration grade was observed between
Type 0 and Type 1, Type 1 and Type 2, and Type 2 and Type 3. Figure is
available in color anline only.

mean values of angular motion and translational motion in
Type 3 were least among all types, suggesting that the seg-
ments with Type 3 may tend to ankylose and lose mobility
with severe degeneration.

Interestingly, the significant difference of segmental
motion between groups with and without MCs in the se-
vere disc degeneration group suggests that segmental mo-
tion may mot only be affected by disc degeneration but
also by MCs themselves. Spinal instability associated with
endplate disruption was reported by Zhao et al® in a ca-
daveric motion segment experiment, They demonstrated
that endplate disruption contributed more to instability
than disc dehydration, Thus, in addition to disc degenera-
tion, a disorder of the endplate would also play an impor-
tant role in segmental instability and have an additional
effect on segmental motion.

*
() I I
. * %
14 ] [ |
! *
12 | }
EY
10 1
8
H
64
4 2
0 - - -
type 0 typel type 2 type 3
* Pe0.01
**1p<0.001

FIG. 3. Bar graph of angular motion {%) and types of MC. A significant
decrease in angular motion was found between Type 3 and the other

types, and between Type 2 and Type 0. Figure is available in color on-
line only.
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FIG. 4. Translational motion (mm) and types of MC. A significant in-
crease in translational motion was found between Type 0 and 2. Figure
is available in color online only.

Although MCs are widely accepted as the change as-
sociated with degenerative disc disease or spondylosis, few
previous papers have reported on the relationship between
MCs and disc bulging and between MCs and spondylelis-
thesis. Thompson et al* reported that Type 1 MCs show
some value in predicting disc herniation and spondylolis-
thesis compared with non-Type 1 MCs. Jensen et al? re-
ported that bulges or herniations at 40 years of age were
the only predictors of new vertebral endplate signal chang-
es at 44 years of age. Mann et al.? reported in their study
of cervical MCs that patients with MCs are more likely to
have a disc herniation at the same level. Qur study showed
disc bulging and spondylolisthesis were significantly relat-
ed to MCs using the chi-square test and univariate regres-
sion analyses; however, after adjustment for confounding
factors, the significant difference disappeared. Because
disc degeneration would be the most influential factor in
any kind of degenerative disc disease, the variables of disc
bulging and spondylolisthesis may be statistically skewed
in the multivariable analysis.

The present study has certain limitations. A relatively
small number of segments with MCs, especially Type
3, may have reduced the statistical power, although the
prevalence of MCs was consistent with previous studies.”
Larger numbers of older patients in future research may
resolve this limitation. Although the common method to
assess the motion would be flexion and extension radio-
graphs, we evaluated segmental motion with MRI. This
difference might affect the values of measurements.

Clinically, our study suggests that the segments with
MCs should be evaluated carefully because MCs may be a
sign of a disc bulge or herniation. Moreover, MCs are one
of the factors associated with segmental motion. The pres-
ence and status of MCs should be taken into consideration
when evaluating stability in the lumbar spine. Character-
izing the type of MCs observed on MRI may be one of
the important factors to take into account when making a
decision for or against spinal fusion.
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Conclusions

Patient age, disc degeneration, angular motion, and
translational motion are significantly linked to MCs in
the lumbar spine. Disc degeneration grade increased sig-
nificantly as the type of MC increased. Angular motion
decreased as the type of MC increased, and translational
motion significantly increased with Type 2 MCs compared
with Type 0 MCs:.
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8 Geriatric Spinal Cord Injuries:
Rehabilitation Perspective

16 popilation. ..

INTRODUCTION

Elderly people {age 265 years) constitute a large proportion
of the population (15-20%) in high-income countries, and
many require hospitalization for old age-related diseases.!
The steady increase in the age of the gencral population
will also probably result in o larger proportion of elderly
patients with spinal cord injuries (SCls).2

Elderly patients with SCI have reduced functional
reserves and greater comorbidity? and are more likely to
have been physically disabled prior to the SCI, compared
with younger patients wich SCL* Elderly parients with SCI
do not need special rechniques for rehabilitation therapy,
but they require specialized medical consideration and
rehabilitation strategics during hospitalization.

SCI in the elderly can be divided in two categories
bascd on the time of onser: (a} onset of SCI ar old age (or
late-onset SCI) and (b) onset at young age with survival
to old age (i.e., early-onsct SCI}. In this chaprer, we focus
on individuals with late-onset SCI.

o LR -

EPIDEMIOLOGY OF TRAUMATIC SCIIN GERIATRIC
POPULATION

INCIDENCE

Understanding the epidemiological pattern of SCI s
the first step toward preventive straregies. However, the

epidemiology of SCI varies in different countries and
there is relatively little information on geriatric SCI.

The incidence is far higher in the elderly population
than in the younger population.’ One study from Canada
showed that the age-adjusted incidence rates were 41.79
per million per year among adults (aged 15-64 years), and
50.87 per million per year for adults 65 years and older”

In developed countries, the incidence of geriatric SCI
s increasing. In Finns aged 50 years or older, the raw
incidence of fall-induced cervical SCI (fracture, cord
injury, or both) rose considerably between 1970 and
2004, from 52 in 1970 1o £20 in 2004.% Among persons
enrolled in the United States combined dara set, the
mean age at injury has increased from 28.3 years during
the 1970s to 37.1 years berween 2005 and 2008.7 The
proportion of participants with new injuries who were
ar least 60 years of ape ar injury increased from 4.6%
in the 1970s to 13.2% berween 2005 and 2008.7 Two
recent Scandinavian studies have also cvaluated rrends
in the incidence rates over the past few decades.’? In
Norway, incomplete cervical SCI increased especially
among men >60 years of age,® and in Finland, there
was an increase in the SCI incidence rate among persons
aged 53, including both tetraplegia and incomplere
SCLY These increases probably reflect the increase in
aging population and the propensity for older patients
to sustain SCL'? Intercstingly, the mean age of patients

“Depariment of Rehabilitation Medicine, Kibikogen Rehabiliration Center for Employment Injuries, Kibichuo-cho, Kaga-gun, Okayama, Japan.
iDepaniment of Rebabilitation Medicine, Wakayama Medical University, School of Medicine, Wakavama City, Wakayama, Japan.
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with rraumaric SCI scems to be lower in less developed
countries than in developed countries.!!

ETIOLOGY

The mechanisms of injury in elderly patients with SCI differ
substantially from those in younger patients.!® Elderly
patients are susceptible to minor trauma and much more
likely to sustain SCI secondary to a fall. !0 A study from
the United States’® (SCI database art a single institution,
i1 = 3481) examined the ctiology of SCl in clderly patients
(270 years of age) and indicared that falls accounted for

4% of SCl in elderly patients, Another study from Canada
showed thar falls were responsible for 63% of SCI among
patients older than 65 years® As mentioned above, the
incidence of fall-induced severe cervical SCI seems to show
an alarming rise in Finnish persons aged 50 years or clderé

LEVEL AND SEVERITY OF INJURY

The high rate of reiraplegic injurics account for a greater
percentage of SCI in elderly padents than in adults
patients.™1® Picketr er al® reported that cervical SCI
accounted for 94% of SC1 in older patients {age > 60 years),
compared with only 70% of SCI in patients younger
than 60 years. Elderly patients, with a high incidence of
ground-level falls, tend to suffer injury of the upper cervical
spine when the head strikes the ground upon falling.!?

As cldecly patients often sustain vertebral spine and
SCI from low-velocity trauma, they are more likely
ro present with incomplete, as opposed to complere
neurologic, injuries.? Fassert cr al.¥ showed that 63%
of elderly patients sustained AlS grades C and D injuries
compared with 40% among the younger patients,

The increase in SCI among geriatric persons poses
great clinical and social concerns. The results of the
studies on cpidemiology of SCI indicate that preventive
programs for SCI in the geriatric population should focus
on the vulnerability to low falls.

e T b T RCT L 1 e POIi Tor R

pathophysiology, age-related disorders, and associated
comorbidities in these patents. Elderly partients are
especially vulnerable to traumatic SCI due o the
following factors; {a) age-celated changes in bone
quality,'® (b} age-related predisposition to cervical spinal
srenosis,’? (c) propensity for fall-related injuries due to
poor vision, vestibular system dysfunction, and abnormal
proprivception in the lower extremity,'? and {d) high rate
of motor vehicle accidents per mile driven,!?

In comparison with younger patients, elderly patients
are less likely to have severe neureological deficits
(greater percentage of AIS grades C and D injuries).}?
The International Neurological Standards Committee
classified incomplete SCI into five types: central cord
syndrome, Brown-Séquard syndrome, anterior cord
syndrome, conus medullaris, 2nd cauda equina syndromes.

. Elderly patients are ar high risk of cervical spine injury.!

The central cord syndrome {CCS), a common injury
usually susrained as a resulc of an extension injury to
the cervical spine, often occurs in elderly patients with
underlying spondylortic changes. These patients experience
variable degrees of functional recovery, but some degree
of residual deficit and spasticity is likely. Traumade CCS
(TCCS) is generally considered to be associated with good
prognosis.'! Fowever, the outcome is often worse in the
elderly than younger people.t5!6

It is necessary to cvaluate cognitive abnormalities that
can sometimes impede rehabilitation, especially in elderly
parients with SCI. Age is recognized as a significant factor
that negatively affects cognitive function. Furthermore,
SCls in elderly padents tend 1o be associated with rraumatic
brain injury (TBI), because trauma associated with falls
that causes SCI also often results in TBI, and traumatic
eervical SCi is also associated with a high rawe of TBI
but not more severe injuries.!? As mentioned above, the
geriatric population is prone to falls-related cervical SCI.

+ The Incidence of SC! in ger:atnc popu1atron is higher than In
younger people.

. There has been an incréase recently in the incidence of SCI in
the geriatric population in developed countries,

* Elderly patients are susceptible to minor trauma and they are
much more likely to sustain Incomplete SCI secondary to a fall,

RNt 1

SPEC!AL JSSUES IN ASSESSMENT AND CLASSIFICATION

OFTRAUMA-RELATED GERIATRIC SCI

INJURY TYPES AND CLASSIFICATIONS

Asscssment of elderly patlents with SCI should
be undertaken with understanding of the unique

* When we assess elderly palients wn.h SCl, it is Important to
understand tha unigue pamophyswlogy. age-related disorders,
and assoclated comoarbiditles, including cognitive abnormalities.

SPECIAL ISSUES iN MEDICAL MANAGEMENT
AND REHABILITATION

General physical examination is important in elderly
panc.nrs‘ due to the high post-SCl morbidity and mortality
rates in this population.’$ DeVivo et al.*? reported that
the 7-year survival rare is significantly lower in patients
with SCI over 50 years of age {22.7%), compared with
that of the general population (86.7%). The aging-related
decline in organ funcrion is a problem faced by all clderly
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individuals and suscepribility 1o illness is one of the many
consequences of aging2® Moreover, immobilization
alter injury increases the Jikelihood of disuse-relared
complications in the elderly compared with younger
paticats. The high mortaliry rate in elderly patients with
SClis probably due ro limited physiological reserve. !

Pneumonia is the leading cause of death irrespective
of the postinjury time period {up to 30 years after scht
The level and severity of SCI correfate directly with
the development of respiratory complications,?® Other
factors associared with pulmenary complications in the
clderly are age, preexisting medical illnesses (especially
pulmonary), smoking, and major trauma.?? Tn addition,
dysphagia and repurgitation of gastric contents can
cause aspiration pneumonia. Dysphagia is a relatively
common secondary complication known to occur afrer
acute cervical SCI, especially in the elderly. The expedient
dingnosis of dysphagia is imperative to reduce the risk of
development of pulinonary complications.

In geriatric population, the existing neurological
conditions should be examincd. $CI in neuremuscubar
disorders, such as Parkinson’s discase has been
reported.?+25 Because neuromuscular disorders produce
rremor, muscular rigidity, shuffling gait, and stooped
posture, patients with these discases are at greager visk
of falling. Moreover, because paticors with Parkinson's
disease also usually have poor bone quality® falls
produce an increased risk of spinal fracture. The existing
newromuscular disorders should be reflected in any
goal serting,.

DeVivo et al. analyzed the data of 866 in-hospital
patients between 1973 and 1985 and compared the
relative risks for various comorbidities in clderly
(261 years) and young patents with SCI (Table 64.1).
Qutcomes were measured at discharge and 2 years after
injury. Patients who were at least 61 years of age were 2.1
times more likely to have developed pneumania, 2.7 times
more likely to have experienced a  gastreintestinal

Table 64.1 Relative Risk of Rehabilitation Outcome
In SCI Patlents Aged 261 Yeats
and Younger Patlents®

T A

hemorrhage, 5.6 times more likely to have developed
pulmonary emboli, and 16.8 times more likely to have :
had renal stones prior to first definitive discharge than
their 16- 10 30-vear-old counterparts. .

Parients who were at least 61 years of age were 3.9 times
more likely to have been rehospitatized during the second
postinjury year than paticns in the 16- ro 30-year-old age
group; 2.1 times more likely to have required artificial
ventlatory support prior to discharge; 22.7 times,
more likely to have been discharged to a nursing home;
71.8 times more likely to be in a nursing home 2 years
after injury during the second postinjury year.

There is no specific information abour special techniques
for rehabilitation of geriatric SCI. However, the elderly
patients with SCI have the following unique characteristics:
(a) agerelated complications and premorbid  discases
such as cognitive abnormalities and pain, (b) limited
physiological reserve, including difficulty to increase muscle
strength, () a lot of incomplete neurological injuries,
(d) shorr life expectancy, all of which should be raken
into account when we determine the goal. The periatric
paricnts present with a complex set of issues and associated
disability, This complexity requires comprehensive
assessment and an integrared approach.

« The morbidily and mortality srates foflowing SCl are higher
in elderly patients, probably due to the limited physfological i
(ESErve.

= Pneumcnia is the leading cause of death during all postinjury : .-
time periods after SCI.

« Dysphagin is a relatively common secondary complication -
known to ocour after scuie cervical SC, especially in the elderly, -
Eacly diagnosis of dysphagia is imperative to reduce the risk of
the development of pulmonary complications. .

« The gedalric patients present wilh a complex set of issues and
associated dlsabitlty, This complexity requires comprehensive
sssessment and an integrated approach. ' ,‘ ‘_.'

« The basis of rehabilitation in elderly patients is mobilized wiiﬁ
physical {raining 1o increase residual physical functions. B

PROGNOSIS AND GOAL SETTING

Pneumonia
Gastrolniestinal h'xamo.rfr{e-gé .
Pizlrﬁéna}y emboli S
Renai slones be-fo:e first discharge
Rehoégizaﬁzan‘oﬁ du_ring sécéﬁd -pdst‘mjury year
Artificial vénti‘lajcr su-ppon befc-)ré' discharge
Dis.ch-a‘.rge_tc-) ﬁursing home o

Hursing home placemenit within 2 years
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Fassetr et al.!% mainrained SCI registry of 3481 patients
at a single institution during the period extending from
1978 1o the end of 2005, They demonstrated that in
comparison with younger patients, senior patients
{defined as 270 years of age) were found to be less likely
to have severe neurological deficits, but the mortatity rates -
were higher in the older age group both for the period of -
hospitalization (27.7% compared with 3.2%, p < 0.001) -
and during the 1-year follow-up period. The mortality
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rates in the elderly directly correlated with the severity
of neurological injury (I-year mortality rate, AIS grade
A 66%, grade D 23%, p < 0.001), The mortality rare in
elderly patients with SCI was srable over the two decades

of the above study, but the 1-year mortality rate was,

greater than 40% in all the analyzed time periods.
Rehabilitation produces gains in activities of daily
living comparable to younger patients,*® yet older
patients achieve less objective neurological recovery
and independent walking.® In addition, patients with
¢oncomitant ncuromuscular disorders, whiclh send to
be mostly elderly patients, are also reported to have
worse outcome.>* In addition, ventilatory impairment is

a common problem in elderly patients recovering from

SCl, and is associated with high morbidity rate.2¢

Although functional decline is inevirable, research
suggests lack of decline in psychological well-heing
with aging, Despite several reports of high rates
of depression in the elderly, there is evidence that
pcrcr:ived quality of life (QOL) is not nccessarily worse
in the elderly, even in those with chronic illnesses.??
In addirion, elderly patients may develop expectations
chat are more commensurate with adapration to illness
than younger individuals and may be more able ro cope
with life srresses.

* In comparisen with younger patlents, the mortality rates are
higher in the older age group.
* Goal selting is often difficult in geriatrics medicine for the
following reasons;
- They ofien devetop age-related complicatlons, premorbicd
diseases, and cognitive disorders.

— They are more likely to present with incomplete as cpposed
to complete neurological injuries.

COMPLICATIONS

PRESSURE ULCER

Despite the progress in medicine, such as universal use
of specialty beds and early nutrition, pressure uleers are
a common sccondary condition associated with SCI.
Pressure ulcers can potentially interfere with acriviries of
daily living, occupational duties, and in severe cases, they
may threaten life.

Aging itself might be a risk facror of pressure ulcers.
Easnwood er al.* analyzed the dara of 3904 persons with
SCI discharged from the Model Systems berween 1990 and
1997, who had follow-up interviews ar 1 year postinjury.
They showed that atv frst anniversary, lower discharge

motor Functional Independence Measure, injury level,
and age were related to the presence of pressure ulcers,
rehospitalization, residence, and time spent our of
residence in logistic regressions, )

Rochon et al?®  examined risk  factors
for pressure ulcers in 364 patients with SCIL. They
idenrified a pressure uleer in §1 of 364 patients and
revealed that in the univariate analyses, pressure uicers
were associated with Frankel groups A to B with an
odds ratio {OR} of 5.7, low albumin with an OR of
4.9, low hemoglobin wirth an OR of 2.5, age > or =
60 years with an OR of 1.9 and three independent
measures of comorbidity: Cumulative Illness Rating
Scale with an OR of 3.7, Charlsen Index with an OR
of 2.2, and International Classification of Diseasces,
Ninth Revision, Clinical Modification count with an
OR of 4.2.

Geriatric persons with SCI are more likely to develop
a pressure ulcer for the following reasons: (a) these
patients have increased arteriosclerotic risk factors and
small vessel circulation is decreased, (b) it is difficult
for them to take a posture to reduce the burtock
pressure, (¢) some older persons are malnourished
and show extreme bony prominence. To prevent the
pressure ulcer in the elderly, special consideration for
pressure reliel maneuvers and nutritional status is
required.

PAIN

Neuropathic pain is a serious clinical symptom in SCI
patients. SCl-related pain interferes with daily activities
and significantly influences QOL.3® Modirian et al.3®
stutlied the type and site of pain as well as the factors
that exacerbare and alleviate such pain in 1295 SCI
patients. Spinal cord-related pain was reported by
64.9% of their patients, while 8.8% reported history of
pain bur had no complaint at the time of examination,
and 26.3% had never suffered any pain, The most
common sites of pain were the distal lower extremities
(46.5%), proximal lower extremities {40.9%), pelvic
girdle {24.5%), and upper limbs (5.7%). The intensicy
of neuropathic pain was more severe at night than
other times of the day.®! The meta-analysis stady of
Dijkers et al.,2 who analyzed 42 scudies, indicared
that completeness of injury (ar leasr as simplified to
complete versus incomplete) did not correlate with
differences In pain prevalence. Furfan and Fehlings®3
analyzed dara of the Third National Spinal Cord Injury
Study and reported no significant correlation between
age at the time of trauma and change in pain scores at
all stages after SCI. These findings reinforce the need
for continued research and education on neuropathic
pain in SCL
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SPASTICITY
Assessment of spasticity is also important in the
assessment of prognosis. Spasticicy does have some

potential benefits as it inereases musele bulk and tone,
reduces osteoporosis, and enhances standing® It is
important to understand the balance bebween advantages
and disadvantages of spasticity in patients with SCI.

As stated above, elderly patients are less likely to
have severe neurological deficits.!® Mobile patients
require. optimal spasticity with orthosis under the
consrol of medicarions. Antispastic drugs are ¢ffective in
reducing streech reflexes without substantially reducing
volitional torque. The differcntial cffects of tizanidine
and baclofen on reflexes of flexor and extensor muscles
warrant further invesrigation into patient-specific
management of antispastic drugs.”® It is reported that
focomotor training can reduce spasticity as measured by
decreased plantar flexor excitability, ankle clonus, and
quadriceps spasm.

NEUROGENIC BOWEL
Neurogenic  bowel  represents  colonic  dysfunction
resuliing from lack of control of the cenwal nervous
system, and is a major physical and psychological
probiem for persons with SCIL¥7

Colorectal function can have a devastating effect on
the daily life of elderly parients with SC1.38 For example,
while constipation is a frequently reported probiem in
numerous studies of SCI irrespective of age,?® it is more
prevalent in the elderly and those with a long history of
injury.’®

Fear of fecal incontinence frequently restricts
patients from home activities.® Lynch et al.™! asscssed
467 persons with SCI and 668 age- and gender-matched
controls, and demonstrated thar continence deteriorares
with increasing age in the general population but does
not change wich increasing age or time since injury in
persons with SCI (7 = 467). Flowever, another study
reported a larger proportion of elderly individuals with
SCI suffered fecal incontinence.™

TCCS is considered the most prevalent incomplete
SCI** and frequently occurs in elderly individuals
with cervical spondylosis who sustain hyperextension
injuries without spine fractures in falls. TCCS is
aencrally  considered to be associated with good
prognosis and complere neurological and functional
recovery.’? One study investigated in detail the effects
of age on bowel management and howel care-relared
activities of daily living in individuals with TCCS.'S
The results identified significantly fewer parients aged
270 years with “continent spontancous defecation™ or
“incdependent for bowel care”, compared with younger
patients.
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The above srudies suggest that management of
neurogenic bowel in the geriatric SCI population can be
challenging. However, alleviating bowel problems mighe
help improve the QOL of these patients.

NEUROGENIC BLADDER

In the general population, aging is accompanied by
diminished bladder capacity and urethral compliance
and an increase in uninhibited detrusor contractions
and residual bladder volume.’® In addition, elderly
individuals appear to be at increased risk for urinary
tract infection and a gradual decline in kidney
function.’®

These changes also seem ro affect individuals with
SCI. However, the incidence of bladder problems, such
as urinary tract infections and wrinary incontinence, is
reported to correlare with advancement of age {older >
vounger) in this population,™* although other studies
showed no such correlation.®? The likely reasons for this
discrepancy are differences in study methodologies andfor
definition of urinary problems including urinary rtract
infecrions and urinary incontinence,

Young patients wich SCI have a better outcome
with regard to bladder management. Scivoletto et al.?
compared outcome measures in elderly and voung
patients with SCL With regard 1o the bladder, more
patients of the young age group reached independence
in voiding,>* suggesting thar the following account
for the difficulties in bladder rehabifitation in elderly
individuals with SCI, {a) diminished ability of elderly
people to cope with the new situation, (b) pre-existing
facrors interfering with micrurition, such as benign
prostate hyperplasia and cystocele, (c) delayed or weak
detrusor reflex activity, and (d) the erroncous belief, by
both physicians and nurses, that continuous catherer
bladder drainage is a safe and comforrable way to solve
the problem,

The management of bladder dysfuncrion in elderly
individuals with SCI is difficulr, as it is in younger ones.
Trearment of neurogenic bladder in the geriatric populadon
with SCI requires comprehensive understanding of the
above-mentioned facrars, in addition to the neurological
findings and activities of daily living,

RESPIRATORY AND CARDIOVASCULAR SYSTEWVS

Rabadi et al.¥ studied the predictors of mortality in
147 veterans with rraumartic SCI and concluded rhat
there were three major causes of death: infection, such as
pncumonia (21%), urinary infection {14%), and infection
of pressure uleers (11%); cardiovascular diseases, such as
congestive heart failure (16%), coronary arterial disease
(13%}, and atrial Sbrillation (2%); ond malignancics
{16%). In the same study, Cox regression analysis showed




N o O

the age at the time of injury was the main predictor of
SCl-related mortality.- Their study suggested thar old
age at the dme of injury is a significant predictor of
morctality following SCI and thar such patients are more
likely to die from cardiovascular deaths than the general

population.
Osterthun et al®  studied  cardiovascular  and
respiratory  funcrions in  individuals who suffered

raumatic or nontraumatic SCI during a follow-up
period of 6.2 years and found thar 27 persons {12.2%)
died during the follow-up and the main causes of death
were cardiovascular disease (37.0%), pulmonary disease
(29.6%), and malignancy (14.8%). Old age at injury,
nontraumatic SCI, and history of other medical conditions
were independent predicrors of death. They concluded
that the main causes of death were cardiovascular and
pulmonary diseases,

Glaser? indicated that cardiopulmonary {aerobic)
fitness is difficulr to develop and maintain and this can
often be exacerbated by a sedentary lifestyle, [t is evident
that excrcise training programs utilizing appropriare
techniques can markedly improve the physical ftness,
funcrional independence, and rehabilitation outcome
of wheelchair users. Shiba et al.®® measured maximuom
oxygen consumption (VOa.,..} of eight individuals
with SCI in 1986-1988 and in 2006 and found stable

R B O AR S R TR S

Gariatric Spin

TFLAaP AN

VOj, While continuously maintaining sports activities.
The resulrs indicated that physical capacity reflected
the fevel of sports activity in individuals with SCI who
continuously performed sports activiries. -
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*» 7o prevent and/or treat coniplications 'aj')bropﬁ_ately. we should
uridersiand the differences in complications affecting younger
and older patients with SC1.

s Aging Itsell might be a rlsk factor of pressure uicers,

» Elderly petienls are less likely to have severe neurclogical
deficils.. Geriatric moblle patients gredlly require optimal
spasticity with orthosis under the control of medications,

+ Constipation |s more prevalent In lhe elderly and lhose with a
long histery of injury.

* In TCCS, gerlatric patients are less likely to be “continent
spontaneous defecation” or “Independent for bowel care”,
compared with younger patie'nts.

» Cardiovascular and pulmonary diseases are main causes of
déath in patients with SCL Old age at the time of injury might be
a significant predictor of mortality following SCI,

» Geriatric patients with 8CI, just as the younger patlents, should
recelve intensive and long-erm rehabilitztion 10 improve the
physical fitness, functional independence, and rehabilitation
outcome,
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*  Recently, there has been an increase in the incidence of 5CI
in the gerfatric popualation in developed countries,

»  Elderly patients are susceptible to minor trauma and they are
much more likely to sustain incomplete SCI secondary to a Fall,

»  Llderly patients with SCI have reduced functional reserves

and greater comorbidity prior to SCI compared with.

yeunger patients with SCI.

+ A significant proportion of clderly patients with SCI die
from eardiovascular disease or pneumonia than the general
populacdion.
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*  Geriatric patients with SCI should reeeive intensive and

long-term rehabilitation as well as younger pativits,

*  Geriatric patients present with a complex ser of issues
and associated  disability,  This  complexity requires
comprehensive assessment and an integrated approach.

e After rehabilitation, geriatric patients with SCI should
maiotain physical acdvities andfor sports to prevent any

negative impacts of SCI.
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CASE REPORT

Cervical myelopathy due to atraumatic odontoid fracture in patients with

rheumatoid arthritis: A case series

Masahiko Takahata, Kuniyoshi Abumi, Hideki Sudo, Ken Nagahama, and Norimasa lwasaki

Departrment of Orthopedic Surgery, Hokkaldo University Graduate School of Medicine, Sapporo, Japan

Abstract

To highlight the risk of cervical myelopathy due to occult, atraumatic odontoid fracture in pa-
tients with rheumatoid arthritis, we retrospectively reviewed radiographic findings and clinical
observations for 7 patients with this disorder. This fracture tends to occur in patients with long-

Keywords

Atlantoaxial instability, Atraumatic occult
fracture, Myelopathy, Odontotd fracture,
Rheumatoid arthritis

lasting rheumatoid arthritis and to be misdiagnosed as simple atlantoaxtal dislocation, Since

this fracture causes multidirectional instability between C1 and C2 and s expected to have poor
healing potential due to bone erosion and inadequate blood supply, posterior spinal arthrodesis
surgery is indicated upon identification of the fracture to prevent myelopathy.

Introduction

Upper cervical spine lesions frequently occur in patients with
rheumatoid arthritis (RA) [1]. Synovitis at C1~2 results in ero-
sion of the odontoid process as well as rupture of the transverse
ligament, leading to atlantoaxial instability and subluxation. Bone
atrophy and erosion of the base of the odontoid process as well as
instability at C1-2 may cause a fragility fracture of the odontoid
process. The incidence of odontoid fracture in patients with RA,
however, remains unclear. Although there are some case reports
describing occult fractures of the odontoid process in patients with
RA [2-4], it is important to emphasize the potential for these frac-
tures because they can result in severe myelopathy.

The present study is a retrospective review of the clinical and
radiologic findings, as well as the surgical outcomes of atraumatic
odontoid fractures with myelopathy in patients with RA.

Materials and methods
Design

This is a retrospective case series review of seven RA patients with
cervical myelopathy due to atraumatic odontoid fracture.

Patients

All of the patients were treated at the Hokkaido University Hospital
between 2007 and 2012. We identified and reviewed the medical
records of seven patients who underwent posterior spinal arthrod-
esis surgery for atraumatic odontoid fracture with myelopathy.

Assessment of clinical features and surgical outcomes of cervical
myelopathy due to atraumatic odontoid fracture

We reviewed the medical records of the seven patients and obtained
data regarding patient characteristics, symptoms, activities of daily
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living, and the clinical status of RA, The Ranawat classification of
neurologic impairment was used to assess paralysis and walking dis-
turbances. Imaging stadies included plain radiograms, three-dimen-
sional computed tomography (CT) angiograms, and magnetic reso-
nance imaging (MRI) of the cervical spine and spinal cord.

Results

From 2007 to 2012, a total of 47 RA patients underwent surgery for
atlantoaxial instability. This includes 7 RA patients with cervical
myelopathy due to atraumatic odontoid fracture (Tables 1 and 2).
They were 1 male and 6 females, with an average age at surgery
of 67 (range, 44-88 ) years. Despite trends suggesting older age
at surgery and higher risk in female in the 7 patients with cer-
vical myelopathy due to atraumatic odontoid fracture compared
with the remaining 40 patients (average age at surgery 63 years,
12 males and 28 fernales), these differences were not statistically
significant. The mean follow-up period was 3 (range, 1-6 ) years.
Average duration of RA. was 15 (range, 9-28 ) years and theumatic
inflammation was poorly controlled in three of seven patients due
to resistance to medications.

The preoperative symptoms were neck and occipital pain and
quadriplegia. Five of seven cases were initially diagnosed as
atlantoaxial subluxation (AAS) by plain radiograms and odon-
toid fracture was identified after examining results of MRI and
CT. Three of seven patients were unable to walk when they were
admitted. Radiologic studies revealed posterior shift or instability
of fractured odontoid process in the three non-ambulatory patients,
indicating that posterior instability of odontoid process is associ-
ated with severity of myelopathy. None of the patients in this series
had anomalies of vertebral artery but we found that anterior and
posterior ascending arteries, which provide bloed supply to the
odontoid process [5,6], were not depicted in any patients of this
series on CT angiograph. All seven patients underwent posterior
decompression and fusion surgery with autogenous iliac bone
graft. The Ranawat classification of neurologic deficits improved
level after surgery in all patients except 1 patient (Patient 1). Post-
operative deep wound infection occurred in I patient (Patient 5).
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Table 1, Patient characteristics, disease activity, and medications.

Mod Rheumatol, 2015; Early Ondine: 14

Ageat  Duration Classification
onset of RA Steinblocker of functional CRP ESR MMP-3
Patient  Sex (years) (years) stage statug™ (mg/mL) (mm/h) (ng/ml) Medications
Patientl] F 78 15 v v 1.7 74 N/A Etanercept, Prednisolone 10 mg/day (Resistant
' to Bucillamine, Salazosulfapyridine, and
Tacrolimus)
Patient2 F 58 10 m I 0.02 20 152 Tocilizumab, MTX. 6 mg/w,
Methylprednisolone 2 mp/d (Resistant to
Etanercept and Infliximab)
Patient3 F 75 12 o o 0.24 15 79 Tacrolimus 3 mg/d, Prednisolone 5 mg/d,
(Intolerant to MTX and Adalimumab)
Patient4 F 44 16 v v 2.6 N/A 165 Bucillamine 300 mg/d, Prednisolone 10 mg/d,
{Intolerant to MTX)
Patient5 M 88 9 o o 27 N/A 409 Tacrolimmts 1 mg/d, Predonisolone 12.5 mg/d
Patlent6 F 55 16 I 11 0.2 7 246 MTX 6 mg/w, Prednisolone 10 mg/d,
Bucillamine 300 mg/d
Patent7 F 71 28 nt II 0.5 28 96 Bucillamine 300 mg/d, Prednisolone 5 mg/d

CRP C-reactive protein, ESR erythrocyte sedimentation rate, MMP-3 matrix metalloproteinase-3, N/A not available, MTX methotrexate,

*Functional status due to RA before onset of myelopathy.

Bone union at graft site was achieved within 1 year postoperatively
in all 7 cases; however, none of the 7 cases achieved bone union at
fracture site on X-ray or CT despite posterior fusion. One patient
(Patient 4) required additional posterior decompression surgery for
recurrent myelopathy due to adjacent segment degeneration 1 year
after 0-C3 fusion surgery. During follow-up, two patients died.
Patient 1 died due to pneumonia 1 year after surgery and Patient 3
died due to cardiac arrest 6 years after surgery, respectively.

Case presentations
Patient 1

A 78-year-old woman with RA presented with neck pain and
quadriplegia. She was resistant to conventional disease-modifying
anti-rheumatic drugs. She suffered from neck pain for 1 year and
was diagnosed with an AAS 1 year prior to the onset of myelopa-
thy. Her neck pain worsened withont any history of trauma 7 days
before presenting to our clinic. Five days after the exacerbation of
her neck pain, she became unable to stand or even sit unassisted.
The patient was then referred to our clinic for evaluation and treat-
ment for AAS.

On admission, she exhibited severe quadriplegia and astasia.
Neurologic examination revealed motor weakness and sensory
disturbance in all four extremities, clumsy hand movements,
increased deep tenden reflex of the elbows and knees, and a posi-
tive Babinski's reflex.

Plain radiography revealed posterior dislocation of the odontoid
process and C1 (Figure 1 A~D). CT scanning revealed an odontoid
fracture with extensive erosion of the fractured region (Figure 1E
and F). MRI showed impingement of the spinal cord by the frac-
tured odontoid process, periodontoid granulation tissue, and C1
posterior arch (Figure 1G).

The patient underwent a posterior occipitocervical (O-C2)
fixation and C1 laminectomy (Figure 1I). Her neck pain was
relieved immediately after surgery. Her motor weakness gradually
improved, and she was able to sit, stand, and transfer to a wheel-
chair on her own at 4 weeks after surgery. Although the Ranawat
classification of her neurclogic deficits remained Class IIIb, her
activities of daily living were recovered to the level prior to the
onset of myelopathy. The patient died due to pneumonia 1 year
after surgery.

Patient 3

A T5-year-old woman with a 12-year history of RA presented
with neck and occipital pain, numbness in her feet, and a slight
gait disturbance 3 months before admission to our clinic. She had
been treated with Tacrolimus for 6 years. She was diagnosed with
asymptomatic AAS 4 years before the onset of her symptoms.

On admission, she exhibited an unsteady gait. Neurologic exam-
ination revealed a hyperactive deep tendon reflex in her elbows,
knees, and ankles, and motor weakness in both lower extremities.
Her fingers and feet were hypoalgesic. Plain radiograms revealed
anterior dislocation of the C1 and gross instability between C1I and
C2 (Figure 2A-F). CT revealed a fracture of the odontoid process
and vertical subluxation of C2 (Figure 2G and H). MRI showed
spinal cord impingement by the fractured odontoid process and C1
posterior arch (Figure 21).

The patient underwent posterior occipitocervical (O0-C2) fusion
surgery to correct the vertical subluxation (Figure 2J). Her neck
pain was relieved and her motor function recovered from Ranawat
Class Illa to Class IT after the surgery. She died due to cardiac
arrest 6 years after surgery, at which time her motor function was
sustained.

Table 2. Duration of neck pain, neurologic impairmeat, and surgical procedures.

Duration of Ranawat classification of Posterior shift Surgical
neck pain nenrologic impairment or instability of procedure
Patient (months) Preop Follow-up odontoid process (fusion levels)
Patientl 12 iir) mA T 0-C2
Patient 2 24 A o + Cl-2
Patient 3 3 A o — o-C2
Patient 4 8 IIB IIA + 0-C3
Patient 5 13 B A + 0o-C2
Patient 6 24 I I - o-C2
Patient 7 1 i I —_ 0-C2

0—C accipitocervical,
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Figure 1. Patient 1. A 78-year-old woman
with RA. Lateral plain radiographs in
flexion (A}, neutral position (B), and
extension (C) at 1 year before the onset

of myelopathy showing no odontoid
fracture, but atlantoaxial subluxation,
Lateral radiographs in flexion (D) and
neutral position (E) after the onset of
myelopathy, showing an odonteid fracture
and posterior subluxation of CI in neutral  {F)fY
position. Coronal and sagittal CT scan !
reconstructions show the odontoid fracture
and bone erosion at the base of the
odonteid process (F and G). Sagittal T2-
weighted MRI showing impingement of
the spinal cord by the fractured odontoid
process, pericdontoid granulation tissue,
and C1 posterior arch (H). The patient
underwent a C1 laminectomy and
pasterior instrumented occiput—C2 fusion
with an iliac bone graft ().

Patient 5

An 88-year-old man with RA presented with gait disturbance and
restriction of fine finger motion. He had a 9-year history of RA.
He had slight neck and occipital pain for 2 years. Numbness in his
hands and fingers appeared without any history of trauma, and motor
weakness in the upper and lower extremities developed gradually.
Additionally, urinary incontinence and encopresis developed. The
patient was diagnosed with AAS and referred to our clinic.

On admission, he exhibited quadriplegia and astasia. Neuro-
logic examination revealed a hyperactive deep tendon reflex in the
elbows, knees, and ankles, and motor weakness in all four extremi-
ties. All four extremities were hypoalgesic. He had bowel and
bladder dysfunction. CT and MRI showed C1-2 instability with
an odontoid fracture. The patient underwent O-C2 fusion surgery
and his motor weakness was fully recovered after surgery. Deep
wound infection occurred 2 weeks after surgery. Bacterial culture
revealed that the infecting organism was Corynebacteriuim species.
The patient underwent open irrigation surgery without removing
the instrument and was treated with antibiotics for 3 weeks. The
signs of infection disappeared. Additional bone graft surgery was
performed 3 months after the first surgery.

Discussion

Findings from this case series suggest that occult atraumatic
fractures of the odontoid process should be suspected in patients

Figure 2, Patient 3. A 75-year-old woman
with RA. Lateral plain radiographs in
fiexion (A), neutral position (B), and
extension (C) demonstrating mild AAS,
but no odontoid fracture 4 years before the
onset of myelopathy. Lateral radiographs

in flexion (D), neutral position (E), and
extension (F) after the onset of myelopathy
showing odontoid fracture and gross
instability at C1-2. Coronal and sagittal CT
reconsteuction irmages demonsiraing the
odontoid fracture and vertical and anterior
subluxation at CI-2 (G and H). Sagittal T2-
weighted MRI image of the upper cervical
region showing spinal cord compression

by the base of odontoid process and C1
posterior arch (f). The patient underwent
postegior comrection and occiput-cervical
fusion with an iliac bone graft (7).

Flexion

o

4 years before

Just befare surgery
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with long-standing RA complaining of neck pain and myelopathy.
There are some case reports describing occult edontoid fractures
in patients with RA, but most reported cases had only vague
neck pain [2,3], indicating that not all patients with atraymatic .
odontoid fractures develop myelopathy. Toyama et al, reported
that fracture of odontoid process was seen in 6 of 58 RA patients
{10%) with atlantoaxial subluxation, who underwent surgery, and
that 2 of the 6 patients with spontaneous odontoid fraciures had
myelopathy [4]. This is not surprising because 75% of patients
with traumatic odontoid fracture are reported to be neurologically
intact [7]. Atraumatic odontoid fractures, however, may have a
greater chance of causing myelopathy because odontoid fractures
are likely to become non-union fractures, especially in patients
with RA, and non-union odonteid fractures may cause progressive
myelopathy [8].

Possible risk factors for atraumatic odontold fractures with
myelopathy include long-standing RA. and poorly controlled rheu-
matic inflammation. Average duration of RA in this series was
15 years and rhenmatic inflammation was poorly controfled in
three of seven patients due to resistance to medications. Given that
long-standing poorly controlled RA results in severe bone erosion
of the odontoid process, atlantoaxial instability, and systemic bone
loss, patients with long-standing RA have a potential risk for the
onset of fragility cdontoid fractures without major trauma,

Myelopathy caused by atraumatic cdontoid fracture is likely to
be misdiagnosed as AAS or exacerbation of polyarthritis, We think

Neutral
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that myelopathy is cansed by the progression of AAS, because AAS
is very common in RA [1], while myelopathy caused by atraumatic
odontoid fractures is rare. This is a very important point becanse
the examination as well as treatment for AAS may be harmful
to the spinal cord in cases of odontoid fracture. In most cases of
AAS, cervical extension is safe because anterior subluxation can
be reduced by extension and posterior subluxation of the C1 can
be blocked by the odontoid process. On the other hand, in cases
of odontoid fracture, cervical extension could cause posterior dis-
placement of the fractured odontoid process, which compresses
the spinal cord. Therefore, when patients with RA show abnormat
neurclogic findings on examination and posterior displacement of
the C1 on X-ray, MRI and CT are indicated prior to functional
plain X-ray examination.

Posterior spinal arthrodesis surgery is indicated for atraurmatic
odontoid fractures in patients with RA. Osteosynthesis through the
anterior approach is not recommended because fracture union is
difficult to achieve in these cases. None of the 7 cases in this study
achieved fracture union despite posterior fusion. Possible reasons for
this are bone erosion at the fracture site due to chronic inflamrma-
tion and poor blood supply, which impair bone healing. We could
not observe anterior and posterior ascending arteries, which provide
blood supply to the odontold process [5,6], in any patients of this
series on CT angiography, supporting the idea that poor arterial blood
supply to the fractured odontoid process impairs bealing (Figure 3).

The difference between traumatic odontoid fractures and atrau-
matic odontoid fractures in terms of the surgical procedure is that
traumatic odontoid fractures can be stabilized by direct anterior
screw fixation as in osteosynthesis [9,10] or posterior Cl-2
arthrodesis [11], but atranmatic odontoid fractures tend to require
posterior occipitocervical (O-C) fusion. As described, atraumatic
odontoid fractures occur in patients with long-standing poorly
controlled RA and many of them have destructive bone lesions
in the upper cervical spine. If patients have vertical instability,
destruction of the C1-2 joints, or a retro-odeontoid pannus forma-
tion that requires C1 laminectomy for spinal cord decompression,
0-C fusion is indicated. Indeed, six of seven patients in this series
required O-C fusion.
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Figure 3. Poor arterial blood supply of
the odontoid process in patients with an
atranmatic odontoid fracture. Examples
of three-dimensional CT angiography
images in the postedior—anterior view
(A) and oblique view (B} depicting
anterior and posterior ascending arteries
of the odontoid process (white ammows)
in a patient with earty RA. Three-
dimensional CT angiogram of Patient

2 showing no ascending arteries of

the odontoid process (C). Ascending
arteries of the odontoid process were not
observed in any patients of this series on
CT angiography.

In conclusion, atraumatic odontoid fractures should be sus-
pected in patients with long-standing RA complaining of neck
pain and myelopathy. This condition is likely to be misdiagnosed
as AAS or exacerbation of polyarthritis, Since this fracture causes
multidirectional instability between Cl and C2, examination as
well as treatment should be carefully performed to prevent dete-
rioration of the myelopathy. Posterior spinal arthrodesis surgery is
indicated for this fracture.
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Abstract

Purpose Adult spinal deformity (ASD) classification
showing that ideal pelvic incidence minus lumbar lordosis
(PI-LL) value is within 10° has been received widely. But
no study has focused on the optimum level of PI-LL value
that reflects wide variety in PI among patients. This study
was conducted to determine the optimum PI-LL value
specific to an individual’s PI in postoperative ASD
patients,

Methods 48 postoperative ASD patients were recruited,
Spino-pelvic parameters and Oswestry Disability Index
(ODI) were measured at the final follow-up. Factors asso-
ciated with good clinical results were determined by step-
wise multiple regression model using the ODI. The patients
with ODI under the 75th percentile cuteoff were designated
into the “good” health related quality of life (HRQOL)
group. In this group, the relationship between the PI-LL
and PI was assessed by regression apalysis.

Results Multiple regression analysis revealed PI-LL as
significant parameters associated with ODI Thirty-six
patients with an ODI <22 points (75th percentile cutoff)
were categorized info a good HRQOL group, and linear
regression models demonstrated the following equation:
PI-LL = 0.41P1-11.12 (r = 0.45, P = 0.0059).
Conclusions On the basis of this equation, in the patients
with a PI = 50°, the PI-LL is 9°. Whereas in those with a
PI = 30°, the optimum PI-LL is calculated to be as low as
1°. In those with a PI = 80°, PI-LL is estimated at 22°.
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Consequently, an optimum PI-LL is inconsistent in that it
depends on the individual PI

Keywords Adult spinal deformity - Sagittal alignment -
Pelvic incidence - Lumbar lordosis

Introduction

Adult spinal deformity (ASD) is often associated with
sagittal plane malalignment [I, 2]. The correlations
between sagittal radiographic parameters and self-reported
pain and disability have been shown in several studies, and
it has been demonstrated that sagittal plane malalignment
results in the disability most consistently expressed in ASD
patients [3-6].

Numerous studies have been conducted to better
understand the ideal sagittal global alignment, including
the pelvis. Since the work by Duval-Beaupére et al. several
authors have attempted to clarify that pelvic incidence (PT)
is primary importance in regulating sagittal spinal align-
ment, and the relationship between Iumbar lordosis (LL})
and PI is admitted [7-9].

Nowadays, in an effort to achieve patient-specific
alignment treatment, some formulas have been developed
to calculate the ideal LL matching with the P1, which helps
in surgical planning when deciding the amount of correc-
tion needed. The Scoliosis Research Society (SRS)-Sch-
wab classification has a global classification paradigm with
three sagittal modifiers: PI minus LL (PELL), sagittal
vertical axis (SVA), and pelvic tilt (PT). These parameters
were classified into three categories (i.e., non-pathological,
moderate, and marked) on the basis of health-related
quality of life (HRQOL) [10). In this classification, the
non-pathological cutoff value of PI-LL is within 10°, and a
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excessive PI-LL mismatch is considered as a possible risk
factor for adjacent segment disease and lumbopelvic fixa-
tion failure [11, 12].

To improve knowledge about spinopelvic harmonized
alignment, the question to consider is whether or not the PI-
LL value for sagittal balance is fixed (i.e., <10), without
taking of a variety of PI values into account. The PI value
varies widely among individuals. It has been demonstrated in
a past study that a lower value of PLis approximately 30° and
a higher value is approximately 85° [13-16]. PI determines
the relative position between the sacral plate and femoral
heads, and it has been shown that the Pl is related to the
capacity to compensate for sagittal balance through pelvic
retroversion [13]. In our clinical experience, patients with a
large PI sometimes have good surgical results, even with a
postoperative PI-LL >10° (Fig. 1). Additionally, Yamada
et al. reported that 23 % of postoperative patients acquired
good SVA and satisfaction nevertheless they had PI-
LL =>10° [17]. An optimal formula that would incorporate
these factors has not yet been proposed.

Materials and methods

In this study, we intended to investigate the relationship
between PI-LL and PI in postoperative ASD patients and to
determine the optimum PI-LL, specific to the individual PI
value, in patients who had undergone successful surgery.
Our hypothesis is that the optimal PI-LL is not constant,
but changes based upon individual differences in PL

This is a single-institutional retrospective study with
institutional review board approval of consecutive patients
undergoing surgery for ASD between the years 2007 and
2012. Inclusion criteria for this study were as follows: adult
patients (>40 years old) presenting pain/disability caused
by spinal deformity; available complete coronal and
sagittal radiography from preoperative visits to final fol-
low-up, and complete health related quality of life
(HRQOL) questionnaires in final follow-up.

Data collection and radiographic measurement

All patients were observed for at least 2 years. Demographic
and surgical data were retrospectively recorded from clinical
charts. Preoperative and final follow-up (minimum 2 years)
radiographic data consisted of full-length standing coronal
and sagittal radiographs obtained in the freestanding position
with fingers on clavicles and shoulders in 45° of forward
elevation [18]. All radiographic measurements were made
by digital analysis, using the Centricity™ Enterprise Web,
version 3.0 (GE Healthcare Japan, Tokyo).

Spinal radiographic measurements included T5-T12
thoracic kyphosis (TK), T10-L2 thoracolumbar kyphosis
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(TLK), T12-S1 lumbar lordosis (LL), SVA, maximal coro-
nal Cobb angle (scoliosis), and coronal balance, i.e., the
distance between C7 plumb line and central sacral vertical
line, Pelvic morphology and orientation were measured by
PT, sacral slope (S885), and PI. PI-LL was also calculated from
these data. The Oswesiry Disability Index (ODI) at final
follow-up was investigated for HRQOL evaluation.

Statistical analysis

Stepwise multiple regression analysis was used to deter-
mine the factors associated with good clinical results using
the ODI score as the dependent variable and the above-
mentioned radiographic parameters as independent vari-
ables. Patients with a postoperative ODI value less than the
75th percentile cutoff were designated into the “good”
HRQOL group. Then, in this group, the relationship
between the PI-LL and PI was assessed by linear regression
analysis to determine the optimum PI-LL value based upon
the individual PI. Furthermore, post hoc power analysis
was performed, using G*Power (free program,; http:/fwww.
gpower.hhu.de/) to estimate the effect size that could be
detected with a sample size of good HRQOL group. The
level of significance was set at 0.05.

Results
Patient data

The patients included 35 women and 13 men, with a mean
age of 60.6 years (SD 0.7 years; range 40-75 years). Cat-
egorization by SRS-Schwab classification system was
marked deformity in 43 patients, moderate deformity in
three patients, in at least one sagittal modifier. And coronal
curve types were TL/lumbar only (n = 22), double curve
(n = 7), and no major coronal deformity (n = 19).

Forty-two patients had a posterior-only spinal fusion, five
had an anterior and posterior spinal fusion, and one had an
anterior fusion. Osteotomies included pedicle subtraction
osteotomy (7 = 13), vertebral column resection (n = 2),
and Ponte osteotomy (» = 27). The most common upper-
most instrumented vertebrae (UIV) were T10 (n = 34),
followed by L2 (n = 4), T11 and T12 {n = 2 each), and T3,
T4, T7,L1, and L3 (n = 1 each). The most common lowest
instrumented vertebrae (LIV) were S1 (n = 30), followed by
L5(n = 14),and L3 and L4 (n = 2 each).

Preoperative versus final follow-up radiographic
findings

The deformity correction surgery led to an increase in TK
{from 14° preoperatively to 30° at follow-up), a decrease in



Author's personal copy

Eur Spine T

Fig. 1 A wide variety of
postoperative sagittal alignment
among the patients with good
surgical results, Sagittal
postoperative radiograph shows
a case with PI-LL of 2°

(PT = 29°, LI, = 27°), ODI
score of 10 points (a). Sagittal
postoperative radiograph shows
a case with PI-LL of 21°

(PI = 65°, LL = 44%), ODI
score of 16 points (b)

TLK (from 20° preoperative to 9¢ at follow-up), and an
increase in LL (from 6° preoperative to 39° at follow-up).
PI was 49° preoperatively and 50° at follow-up. PT
decreased at follow-up (from 33° to 25°). PI-LL decreased
at follow-up (from 43° to 11°), and SVA decreased at
follow-up (102-37 mmy) (Table 1).

QOL analysis
The median ODI score improved from 47.5 points {range

20-66) before surgery to 14.4 points (range 0-35.6) at
follow-up (Table 2),
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Factors associated with good clinical outcomes

Multiple regression analysis revealed TK- (P = 0.00278),
PT (P = 0.0339) and PI-LL (P = 0.0001) as the radio-
graphic parameters most significantly associated with ODI
(Table 3).

Relationship between PI-LL and PI
When subdividing the study population into the good

HRQOL group by ODI score of less than 22 points (75th
peicentile cutoff) (Table 2), 36 patients were classified into
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Table 1 Spinopelvic
parameters between

Preoperative (mean == SD) Final follow-up (mean * SD)

preoperative and final follow-up Thoracic kyphosis (%)

Thoraco-lumbar kyphosis (°)
Lumbar lordosis (%)

Pelvic tilt (%)

Sacral slope (%}

Pelvic incidence (),

PI-LL (%)

Sagittal vertical axis (mm}
Scoliosis (%)

Coronal balance (tom)

139 £ 15 30 4-13.9
199+ 14 92X75
6.4 £ 21.7 BeL11
328 +£13.1 249 £ 114
16.6 &£ 12.9 248 8.6
454 4+ 112 49.7 £ 114
43 £21.1 11 +12.6
102.3 & 69.5 36.6 44,6
492 £ 16 133+ 102
414 £ 334 113 £9

Table 2 Distribution of ODI

score at final follow-up Minimum 25-percentile Median 75-percentile Maximum
ODY (points) 0 6.7 14.4 222 356
Table 3 Stepwise multiple regression analysis {deg) 30 -
Variables P 25 - :
Thoracic kyphosis 0.0028* 20+
Thoraco-jumbar kyphosis 0.7375 B 154
Lumbar lordosis 0.3194 —I' 104
Pelvic tilt 0.0339% & g
Sacral slope 0.3194 o
PI-LL 0.0001* s
Sagittal vertical axis 0.7577 - .
Coronal balance 0.2836 ~10 - *
-15

* P <0.05

the good HRQOL group. In this group, a significant asso-
ciation was noted between the PI-LL and PI with a linear
regression model leading to the following equation
(Fig. 2):

PI—LL =041 x PI-11.12(r = 0.45, P = 0.0059).

Parameters used for post hoc power analysis were, effect
size = 0.45, two tailed alpha = 0.05, sample size = 36.
The power was calculated as 0.8066.

Discussion

Several anthors have established equations for predicting
LL from pelvic and spinal parameters [8, 9, 19-22] and
have improved surgical planning for the treatment of ASD.
On the other hand, their efficacy and clinical relevance
remain in question throughout the postoperative period; in
particular, how would patients respond to a given LL
predicted before surgery, because the subjects of these
studies are healthy adult population [8, 9] or preoperative

&) Springer
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(deg)

Pelvic incidence

Fig. 2 Relationship between the PI-LL and pelvic incidence in the
good HRQOL group

ASD patients [19]. Furthermore, even the formulas calcn-
lated for postoperative ASD patients did not incorporate
the QOL outcome {21, 22]. To answer these questions, we
intended to establish a formula from postoperative patiernts
with successful outcomes.

Our findings showed that the PI-LL is a factor that was
consistently associated with HRQOL during the postoper-
ative period; and significant correlation was shown
between PI-LL and PL. On the basis of the above-men-
tioned equation, we propose that an optimal PLI-LL is
inconsistent in that it depends on the individual PL. For
example, in patients with a normal PI (FI = 50°), the
optimumn PI-LL is 9°, which corresponds to a normal value
in the established classification system ([10], whereas, in
those with a small PI (PI = 30°), the optimum PI-LL is
calculated to be as low as 1°. Then, in those with a large P1
(Pl = 80°), the ideal PI-LL is estimated at 22°,
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Consequently, a smaller PI results in a smaller PI-LL, i.e.,
close to or equivalent to 0°, while a larger PI allows for a
larger PI-LL, approximately 20°.

Other studies provide solid rationale to explain our
results particularly, that an optimal PI-LL is not constant
but variable, depending upon the individual PI. Duval-
Beaupére et al. have expressed that low values of PI
decrease the chance of an economical standing posture,
because this induces a short lever arm of the hip extensor
muscle [7]. Additionally, they have shown in their clinical
experience that there are constant action potentials of the
gluteus maximus in patients with a small PI in the standing
position. This standing condition might suggest a tendency
to fall into a non-economical standing condition. Rous-
souly et al. advocated that the ability to retrovert the pelvis
is limited by a patient’s own PJ, and patients with a small
PI have a small capacity to compensate for their sagittal
balance through pelvic retroversion [23]. For reasons
mentioned above, it seems reasonable to suppose that a
small PI demands a strictly matched LL.

In contrast, a patient with a large PI has a long lever arm
of the hip extensor muscle, and furthermore has a wide
posterior offset between the sacrum and the femoral heads
in the sagittal plane [13, 23]. Legaye et al. defined the
overhanging of S1 as the distance between the bi-cox-
ofemoral axis and the projection to this level of the mid-
point of the sacral plate, and repoited a significant
correlation between the PI and the overhanging of 81; ie.,
the larger the value of the PL, the larger the value of the
adapted overhanging of S1 [8]. These mechanisms and
anatomical features of patients with a large PI may help to
keep the position of the C7 plumb line behind the fernorat
heads, and it is reasonable to think that a Jarge PI value
would allow a larger spinopelvic mismatch, even if the PI-
LL is above 10.

As PLLL is one of the most important indicators for
successful corrective surgery [10], we aimed to determine
the optimum value of the PI-LL in the specific setting of an
individual's PI value. This is the reason why the PI-LL was
selected as a dependent variable in the following linear
equation: PI-LL = 0.41PI-11.12. Whereas, this equation
could be rearanged simply as: LL = 0.59PI 4 11.12.

Legaye et al. have studied the correlation between the
pelvic and spinal sagittal parameters and have developed a
formula indicating an ideal LL by using the PI [24]:

LL = ((0.5481PI + 12.7) x 1.087 + 21.61)
= 0.596PI + 35.415

The important point to note is that these two linear
equations have a common factor (i.e., the coefficient is
approximately 0.6). We would like to emphasize that the
rise of the ideal LL (y-axis) is only 60 % of every increase
in PI (x-axis) in these equations, whereas the value of the
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y-intercept is different between the Egs. (11 versus 35),
and we speculate that the main cause is the difference in
the material population, i.e., the Legaye et al. study
involved normal volunteers without surgery (mean age
24 years), whereas the current study included postoperative
ASD patients (mean age 61 years) with successful
outcomes.

The results of this study show that a smaller PI results in
a smaller PI-LL, while a larger PI allows for a larger PI-LL.
Our conclusion is that the optimal PI-LL is not a fixed but
rather a flexible value reflecting the specific PI of the
mdividual. We argue that this data will have a significant
clinical impact on patient-specific surgical planning for
procedures aimed at increasing lordosis in the lumbar
spine. The majority of ULV in this study were below T10,
therefore there would be a potential intraspinal compen-
satory mechanism {25]. Thus, a limitation of this study is
that the applicability to patients with instrumentation that
includes the upper thoracic spine is unknown. For the
patients with thoracic malalignment being required cor-
rection, surgical planning including realignment of thoracic
spine would be effective [26]. In addition, not only mag-
nitude but also shape of LL [23] that represents geometry
of lordosis should have been evaluated in the present study.
Although significant correlations between PI and LL have
been reported in the several manuscripts including the
present study (8, 9, 24], PI can be influenced by the other
parameters such as PT, SS, and so on (7). Furthermore, LL
can also be affected by TK as a reciprocal mechanism [25].
Therefor, newly developed formulas regarding the rela-
tionship between PI and LL should receive careful vali-
dation by future investigations.

Some might argue that the formula is based on only 36
patients with successful outcomes and HRQOL was eval-
uated by only ODI, so that the results should not be applied
to all ASD patients. No doubt that higher value for power
with a bigger sample size would be useful to have a good
chance of detecting the effect, however power analysis in
the current study calcnlated a power of 80 % that is the
common acceptable level to detect the effect. In regarding
to HROQL, evalvation with multiple instruments could
bring more detailed information of disability; yet, the
reason why ODI was used in the current study is that non-
pathological cutoff value of radiographic parameters (ie.,
PI-LL, SVA, PT, etc.) has been evaluated based on ODLin
past studies [4, 5, 10, 16, 19]. It follows from what has been
said that our findings would afford new perspectives on
surgical planning for LI comection. Future studies
addressing to the shape of LL {23] with more patients and
multiple HRQOL evaluations will assist in clarifying the
interaction between PI and LL in the setting of surgical
treatment.
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Conclusion

Our findings show that the PI-LL was consistenily associ-
ated with a patient’s quality of life during the postoperative
period, and a significant correlation was shown between the
PI-LL and PI. On the basis of our equation, we demonstrate
that an optimal PI-LL value is not a constant value, e.g., the
PI-LL value is 1° with a PI of 30°, whereas the value is 22°
with a PI of 80°. Our study confirmed our hypothesis that
an optimal PI-LL value is not constant and changes based
upon the difference in PI value, and will have a clinical
impact in patient-specific surgical planning to make lor-
dosis in lumbar spine,
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Abstract

Intraduction;
There are considerable risks for the secondary spinal cord injury and the initial and/or delayed
veriebral artery occlusion in cases of cervical fracture dislocation.

Case Presentation: '

An 86-year-old man was injured in a car accident and was diagnosed with no fracture or dislocation
of the cervical spine by the emergency physician. However, he was transferred to our hospital 3
days later because he had motor weakness that was evaluated to be 32 points (out of 50 points) on
the upper limb American Spinal Injury Association (ASIA) motor scoré and was diagnosed with
spontaneously reduced fracture dislocation at C5/6. Magnetic resonance images revealed that the
bilateral vertebral arteries were occluded, and there were some microinfarction lesions in the brain.
On the first visit to his previous doctor, he was found to have a flow void in the right vertebral artery.
This indicated that it was occluded during the waiting period at his previous doctor. On the day of his
arrival at our hospital, the patient underwent a C5/6 posterior spinal fusion. Three months after
surgery, he recovered to 46 points on the upper extremity ASIA motor score, and blogd flow in the
left vertebral artery was resumed.

Discussion:
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Early reduction and stabilization are necessary for cervical spine fracture dislocation; however, it is
important not only for the prevention of the secondary injury but al$o for the reduction of the risk of

vertebral artery occlusion.
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Absfract

Introduction:
This case report describes an unusual case of lumbar burst fracture in which a bone fragment from
the vertebral body penetrated into the dorsal dura through the ventral dura mater, requiring bone

fragment extraction via an intradural approach.

Case Presentation:

A 23-year-old male involved in a motor vehicle accident was admitted to our hospital complaining of
right leg paresis and bladder-bowel disorder. Computed tomography (CT) revealed an L5 burst
fracture of type B by the Denis classification scheme, with a bone fragment from the vertebral body
that had perforated the ventral aspect of the dura mater and penetrated dorsally. We abandoned
attempts to extract the bone fragment via an epidural approach and instead resected the fragment
via an intradural approach with a dorsal dural incision. We corrected |.4/5 kyphosis as possible and
performed L4/5 posterolateral fusion. The patient's leg paralysis and bladder-bowel disorder were
relieved, and he was discharged 2 months after the surgery with the ability to walk without crutches.

Discussion:
When bone fragments penetrate the dura mater, their extraction must be performed with particular
care. For cases in which the dura mater cannot be pulled apart, the removal of bone fragments using

an intradural approach is appropriate.
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Abstract

Purpose This study aims to establish normative data for
parameters of spino-pelvic and spinal sagittal alignment,
gender related differences and age-related changes in
asymptomatic subjects.

Methods A total of 626 asymptomatic volunteers from
Japanese population were enrolled in this study, including
50 subjects at least for each gender and each decade from
3rd to 8th. Full length, free-standing spine radiographs
were obtained. Cervical lordosis (CL; C3-7), thoracic
kyphosis (TK; T1-12), lumbar lordosis (LL; T12-S1),
pelvic incidence (PT), pelvic tilt (PT), sacral slope (S8) and
sagittal vertical axis (SVA) were measured,

Results The average values (degrees) are 4.1 £ 11.7 for
-CL, 36.0 &= 10.1 for TK,, 49.7 &= 11.2 for LL, 53.7 & 109
for PI, 14,5 £ 8.4 for PT, and 39.4 - 8.0 for SS. Mean
SVAis 3.1 £ 12.6 mm. Advancing age caused an increase
in CL, PT and SVA, and a decrease in LL and $S. There
was a significant gender difference in CL, TK, LL, PI, PT
and SVA. From 7th decade to 8th decade, remarkable
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decrease of LL & TK and increase of PT were seen. A
large increase of SVA was also seen between 60° and 70°.
Conclusion Standard values of spino-pelvic sagittal
alignment were established in each gender and each decade
from 20’ to 70°. A remarkable change of spino-pelvic
sagittal alignment was seen from 7th decade to 8th decade
in asymptomatic subjects.

Keywords Standard value - Spine radiograph -
Spinopelvic sagittal alignment - Gender difference - Age-
related change

Introduction

The prevalence of aduit spinal deformity (ASD) has been
reported to be as high as 60 % in the elderly population [1].
For many years, the diagnosis and treatment of ASD was
based upon coronal plane radiograph analysis using Cobb
angle measurements. However, recent research has shown
that sagittal spino-pelvic alignment among patients with
ASD plays a critical role in pain and disability and is a
primary determinant of health related quality of life
(HRQOL)} measures [2-5]. One of them concluded that
restoration of “a more normal sagittal balance” is the
critical goal for any reconstructive spine surgery. However,
the definition of what constitutes normal and pathologic
alignment in the spine has not been established [3].
Standard values of sagittal alignment and range of motion
of the cervical spine in 1230 asymptomatic volunteers were
reported in a previous study, This study revealed that cer-
vical lordosis in the nentral position increases with age,
particularly in the sixth decade and to a greater degree in
females [6]. However, the total range of motion decreased -
linearly with age, particularly in extension and males. As

@ Springer

-102-



Eur Spine J

apparent aging and gender changes were seen in cervical

alignment, it should be presumed that spino-pelvic sagittal

alignment is affected by agé and gender.

In recent years, many authors emphasized the impor-
tance of spinal sagittal balance and investigated those
parameters in healthy subjects [2, 5,.7-21]. However, there
have been few studies using a large cohort with an even age
and gender distribution. Accordingly, the objective of the
current study was to investigate normal spinal and spino-
pelvic sagittal alignment in asymptomatic volunteers of
edach sex and in each decade of life between the 3rd (20's)
and 8th (70’s), and attempt to elucidate gender related
differences and age-related changes using data from
radiographs of over 600 healthy subjects.

Materials and method

After obtaining institutional review board approval, healthy
Japanese volunteers were sought after the purpose of this
study was officially announced, The exclusion criteria
included a history of brain or spinal surgery, comorbid
neurologic disease such as cerebral infarction or nevropa-
thy, symptoms related to sensory or motor disorders
(numbness, clumsiness, motor weakness, and gait distur-
bances) or having severe low back pain. Pregnant women
and individuals who received worker’s compensation or
presented with symptoms after a motor vehicle accident
were also excluded. If radiographs measurements of
sagittal parameters were difficult to assess due to lum-
bosacral transitional anomalies or spinal malformation, the
subjects were also excluded. Finally 626 asymptomatic
subjects with appropriate images were emrolled in the
present study including 50 subjects at least in each gender
and each decade from 3rd to 8th (Table 1).

Full Iength, free-standing spine radiographs with fists on
clavicles were obtained in all subjects. All images were
transferred to a computer as Digital Imaging and Commu-
nications in Medicine (DICOM) data. Cervical lordosis
(C3-7, CL), thoracic kyphosis (T1-12, TK), lumbar lordosis
(T12-81, LL), pelvic incidence (PI), pelvic tilt (PT), sacral
slope (SS) and sagittal vertical axis (SVA) were measured

Table 1 Materials; age and

gender distribution Age Men  Women
2029 48 53 101
30-39 51 50 101
40-49 50 57 107
50-59 56 51 107
6069 50 60 110
70-79 50 50 100
Total 305 321 626

a Springer

Fig. 1 Methods of measurement of spinal parameters; thoracic
kyphosis (TK), lumbar lordosis (LL) and sagittal vertical axis {SVA)

using measurement software (Figs. 1, 2). Each parameter
was measured by experienced radiation technologists using
imaging software (Osiris4; Icestar Media Ltd, Essex, UK).

Statistical analysis

The data were analyzed using the SPSS version 13.0
software (SPSS Inc., Chicago, IL). Descriptive statistics
were calculated for all subjects and separately for males
and females in the form of mean value and standard
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Fig. 2 Methods of measurement of spinal parameters; pelvic inei-
dence (PI), sacral slope (SS) and pelvic tilt (PT)

deviation. Comparison between the male and the female
was carried out by un-paired Student ¢ tests. Statistical
significance was set at a level of P < 0.05,

Results

Average height and weight [mean =+ standard deviation
(SD)] of all male and female subjects was 169.1 & 6.5 cm/
66.7x£ 103%kg and 156.2 + 6.0 cm/52.9 & 8.0 kg,
respectively,

The average values (degrees) are 4.1 £ 11.7 of CL,
36.0 & 10.1 of TK and 49.7 &= 11.2 of LL (Tables 2, 3, 4;
Figs. 3, 4, 5). The average values of pelvic morphelogic

angles are 53.7 + 109 for PI, 14.5 & 8.4 for PT and:

39.4 & 8.0 for SS (Tables 5, 6, 7; Figs. 6, 7, 8). The mean
SVA is 3.1 = 12.6 mm (Table 8; Fig. 9). CL is greater in
males than in females in any decade. CL is increased with
age, especially after 60" (Fig. 3; Table 2). Regarding TK
and LL, remarkable changes were not seen from 20' to 60°.
However, a sudden decrease was detected for both TK and
LL in 70" (Figs. 4, 5; Tables 3, 4). PI was higher by several
degrees in females with age greater than 40 years, than that
in 20" or 30, females or males (Fig. 6; Table 5). PT
increased with age and the change was stressed in females
(Fig. 7; Table 6). SS was almost similar between males
and females, and showed a gradual decrease with aging

Table 2 Cervical lordosis (CL; C3-7)

Decade Male Female P value
20-29 33116 —6.0 £ 9.7 <0.001
30-39 4.5 &£ 127 —34 £ 107 <0.001
40-45 44 £ 8.6 244114 NS
50-59 53 £83 0.1+111 <0.001
60-69 135114 47+ 85 <0.001
70-79 132 + 124 854127 0.059
All 734116 1.1 4 11.6 <0.001
Total 4.1 £ 11.7

NS indicates not significant

Table 3 Thoracic kyphosis (TK; T1-12)

Decade Male Female P value
20-29 349 + 8.1 339+ 091 NS
30-39 373 £ 9.1 334 £ 9.0 . <0.05
40-49 359 £ 835 359+ 104 NS
50-59 39.4 4 10.5 359 £ 10.7 0.088
6069 39.7 £ 10.0 360 £ 117 0.074
70-79 350+ 11.8 348+ 116 NS
All 37.1 £ 99 350 & 10.5 <0.05
Total 36.0 £+ 10.1

NS indicates not significant -
Table 4 Lumbar lordosis (LL; T12-S)

Decade Male . Female P value
20-29 494 £ 8.6 524 + 131 NS
30-39 485 3 11.2 527 £ 103 0.057
4049 47.6 = 10.8 54,1 £ 103 <0.01
50-59 505 £ 5.1 515 £ 102 NS
60-69 48.5 £ 13.1 52.2£109 NS
70-79 42,2 £ 14.8 46,7 + 13.3 NS
All 478 4= 11.6 516+ 116 <0.001
Total 49.7 & 11.2

NS indicates not significant

(Fig. 8; Table 7) A negative value for the SVA. was iden-
tified only in males in the 20° as well as in females in the
20’ and 30'. SVA increased gradually with age from 3rd '
decade and 7th decade, and showed apparent increase in
the 8th decade (Fig. 9; Table 8).

Discussion
This study represents the large cross-sectional analysis of

spinal and spino-pelvic alignment with homogenous age
and sex distribution, in 626 healthy subjects as studied on

@ Springer
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Table 5 Pelvic incidence (PI)

Table 8 Sagittal vertical axis (SVA)

Decade Maie Female P value Decade Male Female P value
20-29 544 + 101 51.8 £ 117 NS 20-29 —2.1+82 —-46 4 13.5 NS
30-39 52,9 4 102 51.2£9.5 NS 30-39 30+£92 ~4.1 -+ 13.0 <0.01
40-49 50.8 £ 7.8 57.0 £ 10.8 <0.001 40-49 5.0 & 13.7 0.9+ 9.0 0.070
50-59 530+ 113 5624 11.3 NS 50-59 45 £ 11.8 34+£111 NS
60-69 5204109 - 56,0 £ 12.7 NS 60-69 55£14.0 46+ 104 NS
70-79 52,0 £ 103 574495 <0.01 70-79 103 £ 144 10.7 £ 15.2 NS
All 526 & 10.4 549+ 114 <0.01 All 45+ 119 1.8 £13.1 <001
Total 53.7 £ 109 Total 31126
NS indicates not significant NS indicates not significant
Table 6 Pelvic tilt (PT) [ I
EMale EFemels
Decade Male Female P value
20-29 129 £ 8.1 114 & 6.6 NS
30-39 131 £ 7.7 120 £ 6.7 NS
4049 11.5 %538 162 4- 84 <0.001
50-59 133468 151 %75 NS
60-69 137471 184 £ 9.2 <0.01
70-7% 15374 21.0 £ 7.8 <(.001
All 13.2 & 7.7 15.8 £ 8.6 <0.001
Total 145 + 84
NS indicates not significant
M Male © Female
Table 7 Sacral slope (S5)
Decade Male Female P value
20-29 AL6 £ 74 403 9.1 NS
30-39 40.0 £ 7.1 39.7 £ 6.5 NS
4049 39.8 £ 69 41.1 £ 7.8 NS
50-59 40,1 x 8.9 410476 NS
6069 382 £ 8.7 375 £ 80 NS
70-79 37.2 £ 105 36.7 £ 9.1 NS decade
Al 396+ 83 393 £ 8.1 NS Fig. 4 Thoracic kyphosis (TK; T1-12)
Total 394 L 8.0

NS indicates not significant

full spine standing radiographs. Based on our findings,
normative data for cervical lordosis (C3—7, CL), thoracic
kyphosis (T1-12, TK), lumbar lordosis (T12-S1, LL),
pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS) and
sagittal vertical axis (SVA) were established for each
gender and each decade from 3rd to 8th. Notably, gender
differences and age-related changes from the 3rd to the 8th
decade were also elucidated. Remarkable changes of spinal
and spino-pelvic sagittal alignment, a sudden decrease of
TK and LL and a large increase of SVA, were seen from
7th decade to 8th decade,
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Dubousset described the theory known as the “cone of
economy”. In this understanding, the head center of gravity
is maintained over the pelvis to achieve an energy efficient
mechanism for ambulation and upright posture [22]. The
body adapts to changes in this balance to regulate the
center of gravity over as narrow a perimeter as possible.
Various compensation mechanisms would work to main-
tain sagittal balance to achieve an energy efficient
mechanism.

In the cervical spine, Yukawa et al. reported sagittal
alignment and range of motion in 1230 asymptomatic
volunteers [6]. They revealed gender differences and age-
related changes from 3rd decade to 8th decade in the
parameters of cervical alignment. Cervical lordosis in the
neutral position increased with age, particularly in the sixth
decade and to a greater degree in females. However, the
total range of motion decreased linearly with age, partic-
vlarly in extension and males.

With the increasing evidence gathered for the clinical
importance of sagittal spinal alignment, we sought to better
understand neutral upright sagittal spinal alignment in
asymptomatic adults in whom demographic features were
similar to those in patients. Therefore, we conducted this
large-scale study including more than 600 asymptomatic
volunteers, to establish standard values of sagittal spinal
and spino-pelvic parameters and to elucidate those gender
differences and age-related changes.

Several authors have investigated upon age-related
spinal alignment changes among healthy volunteers.
Gelb et al. reported that increasing age corresponded to a
more anterior sagittal vertical axis with a loss of lumbar
lordosis, comparing asymptomatic middle- and old-aged
volunteers [7]. Hammerberg and Wood demonstrated
that aging induced an anterior shift of C7 plumb line and
a decrease of lumbar lordosis [12]. In our data,
advancing age led to an increase in CL, PT and SVA, and
a decrease in LL and SS. A sudden decrease was seen
from 60’ to 70’ in TK and LL. In response to a LL
decrease, a decrease of TK and increase of PT might
occur as a compensatory mechanics to maintain global
for sagittal balance [23]. A large increase of SVA was
also seen between 60 and 70°, indicating that the com-
pensation mechanisms for the concurrent LL decrease
were not sufficient.

Regarding gender related differences among parame-
ters of sagittal spinal and spino-pelvic alignment, Vialle
et al, showed that female subjects had higher values in
lumbar lordosis and PI [13]. On the other hand, Mac-
Thiong reported that there was no difference in PI, S8
and PT between males and females [19]. The current
study demonstrated that there was a relatively large
gender difference in CL, LL and PT. In females, groups
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with age >40 years had higher PI than that of 20’ and
30°. The pelvic incidence is considered to be an inherent
value for each individnal unaffected by body posture.
However, some gap of the value of PI was seen between
young females and elder females in this study. Although
we did not investigate civil status and birth experience,
we may speculate that the birth experience is one of the
reasons of higher PI in females aged over 40.

There were several limitations in the present study, First,
the survey was limited to the Japanese population, so racial
differences were not taken into aceount. Second, only
asymptomalic subjects were enrolled in this study. This
could have led to a selection bias in favor of relatively
healthy participants.

Natural history of sagittal spino-pelvic alignment is
gaining importance more than ever, as the number of
reconstiuctive surgeries for adult spinal deformity increa-
ses, To detect the real natural history of sagittal alignment
changes over time, a long-term follow up study is suitable.
However, it seems very difficult to observe aging changes
of spinal alignment over a whole life. Therefore, large-
scale of cross-sectional observational study could be used
as a substitute for longitudinal analysis. In this study we
recruited more than 600 asymptomatic volunteers includ-
ing at least 50 subjects in each gender and each decade
from 3rd to 8th decade. This is the one of the largest cohort
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Conclusion

Full length, free-standing spine radiographs were obtained
in 626 healthy subjects. Standard values and deviations of
sping-pelvic sagittal alignment were established in each
gender and each decade from 20’ to 70’. A remarkable
change of spino-pelvic sagittal alipnment, decrease of
TK & LL and increase of SVA, was seen from 7th decade
to 8th decade.
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Abstract

Purpose 'We determined the incidence of and risk factors
for clinical adjacent segment pathology (C-ASP) requiring
additional surgeries among patients previously treated with
one-segment lumbar decompression and fusion surgery.
Methods We retrospectively analysed 161 consecutive
patients who underwent one-segment lumbar decompres-
sion and fusion surgery for L4 degenerative spondylolis-
thesis. Patient age, sex, body mass index (BMI), facet
orientation and tropism, laminar inclination angle, spinal
canal stenosis ratio [on myelography and magnetic reso-
nance imaging (MRI)], preoperative adjacent segment
instability, arthrodesis type, pseudarthrosis, segmental
lordosis at L4-35, and the present L4 slip were evaluated by
a log-rank test using the Kaplan~Meier method. A multi-
variate Cox proportional-hazards model was used to anal-
yse all factors found significant by the log-rank test.
Results Of 161 patients, 22 patients (13.7 %) had addi-
tional surgeries at cranial segments located adjacent to the
index surgery’s location. Pre-existing canal stenosis
=47 % at the adjacent segment on myelography, greater
facet tropism, and high BMI were significant risk factors
for C-ASP. The estimated incidences at 10 years postop-
eratively for each of these factors were 51.3, 39.6, and
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32.5 %, and the risks for C-ASP were 4.9, 3.7, and, 3.1
times higher than their counterparts, respectively. Notably,
spinal canal stenosis on myelography, but not on MRI, was
found to be a significant risk factor for C-ASP (log-rank
test P < 0.0001 and 0.299, respectively),

Conclusions Pre-existing spinal stenosis, greater facet
tropism, and higher BMI significantly increased C-ASP
risk. Myelography is a more accurate method for detecting
latent spinal canal stenosis as a risk factor for C-ASP.

Keywords Degenerative spondylolisthesis - Adjacent
segment pathology - Pre-existing spinal stenosis - Body
mass index - Facet tropism

Introduction

During the past few decades, spinal arthrodesis has become
a common treatment component for a variety of spinal
disorders. However, it alters the biomechanical and kine-
matic properties of the lumbar spine [1, 2]. Pathological
development at mobile segments above or below the site of
spinal fusion is known as adjacent segment pathology
{ASP). ASP is considered a potential late complication of
spinal arthrodesis that requires further surgical treatment.
The clinical failure rate of adjacent segments at 5 years
after the index spinal fusion surgery has been reported to
range from 3 to 32.3 % [3-7].

Several risk factors for ASP have been reported, such as
age {4, 5, 7], sex {4)], multilevel arthrodesis [3-5], sagittal
imbalance [8], the type of arthrodesis [7], facet tropism [9],
and laminar inclination [9]. However, few studies have
focused on asymptomatic pre-existing spinal stenosis as a
risk factor for clinical ASP (C-ASP) that requires addi-
tional surgery at an adjacent segment [10]. In fact, when
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patients demonstrate asymptomatic spinal stenosis adjacent
to the fusion segment, there is often controversy as to
whether the segment should be included within the surgical
site or not.

This study analysed the preoperative prognostic risk
factors for C-ASP, and we calculated the survival times of
the patients with significant risk factors.

Materials and methods

From Tanuary 2000 to December 2006, 204 L4 degenera-
tive spondylolisthesis (DS) patients with radicular pain
and/or neurological claudication after unsuecessful con-
servative treatment underwent either instrumented pos-
terolateral fusion (PLF) or posterior lumbar inter-body
fusion (PLIF) at the single level of L4-5. All surgeries
were performed using the same procedures at a single
institution. Patients with an acute fracture, dislocation, or
malignancy were excluded. Informed consent was obtained
from all patients. Medical records of all patients were
reviewed, and this study was approved by our local ethics
committee. Forty-three patients were excluded because of a
short follow-up (<2 years) or a lack of preoperative mag-
netic resonance imaging (MRI) and/or myelography data.
The remaining 161 patients with a follow-up period of
longer than 2 years were finally selected.

PLF had been petformed in 137 patients (85 %) and
PLIF in 24 patients (15 %). In all patients undergoing PLF,
autogenous cancellous iliac bone was used as a graft. PLIF
was performed using a rectangular ceramic cage with
morselised local bone from neural decompression in all
patients. When patients had spinal stenosis on myelography
or MRI at the L34 segment, as well as neurological find-
ings (including the presence of patellar tendon reflex and no
sensory and motor disturbance associated with the L4 nerve
root) and negative findings of L4 nerve root infiltration, we
did not include the 13-4 segment in the operation site.

Radiographic evaluation

In all patients, computed tomography (CT), myelography,
and MRI were performed within 2 weeks before the index
fusion surgery. In this series, no patients required addi-
tional surgery at the L5-S1 segment during follow-up, so
radiographic evaluations were performed at the L34 and
L4-5 segments. Standard biplanar anteroposterior, lateral
radiography with the lumbosacral spine in neutral, flexion,
and extension positions was performed preoperatively, at
24 months after surgery, and at the final follow-up.

The anteroposterior vertebral slip and intervertebral dise
angle were measured on lateral radiographs of the L34
and L4-5 taken in the neutral, flexion, and extension
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positions. To minimise the errors due to different magni-
fications, the vertebral slip was expressed as a percentage
of the caudal vertebral body width (% slip). The ranges of
motion (ROM) of the L3—4 and L4-35 segments were
defined as the sum of the intervertebral disc angles in the
flexion/extension view (Fig. 1). Pseudarthrosis was present
if there was no continuity in the PLF fusion mass between
the cephalad and caudad transverse processes, no conti-
nuity between graft bone and vertebra in PLIF fusion, or if
lateral flexion—extension radiographs demonstrated >2° of
angular motion or >2 mm of sagittal motion at L4-5 [11].

The criteria for adjacent segment instability were well-
defined spondylolisthesis or dynamic instability with slip-
page >4 mm andfor an ROM >10° [12]. The laminar
inclination angle at L3 was measured as previously
described [9] on lateral radiographs (Fig. 2a). Facet ori-
entation and tropism were determined by CT images that
were coplanar with the disc and transected the facet joints,
as described previously [9]. The sum of the right and left
facet angles and the difference between the right and left
facet angles were defined as the facet orientation and
tropism, respectively (Fig. 2b).

Myelography measurements

After lumbar puncture and injection of radiographic con-
trast material into the dural sac under fluoroscopic guid-
ance, the physician moved the patient’s lower back to
maximum flexion and extension in the left lateral decubitus
position and obtained lateral radiographs in the neutral,
flexion, and extension positions under fluoroscopy. The
narrowest anteroposterior dural sac diameter at L3-4 was
measured on lateral myelography in the neutral, flexion,
and extension positions and on the sagittal view of T2-
weighted MRI. The dural sac diameter at the midpoint of
the L2 vertebral body was also measured. The spinal canal
stenosis ratio (SCSR) was calculated as x/y x 100 (Fig. 3).

All measurements were performed twice by two inde-
pendent observers blinded to the patient name and clinical
findings using an electronic digitiser (MicroAnalyzer;
Japan Poladigital Corp., Tokyo, Japan) with an accuracy of
0.01 mm: measurements were averaged. The inter-observer
correlation of all measurement was evaluated by the
Pearson's correlation coefficient test. The kappa statistic
was used to assess inter-observer agreement of pseu-
darthrosis and preoperative instability at L3-4.

Statistical analysis
The final follow-up examination was defined as the last
visit. In patients undergoing re-operation at L3-4, the

survival period was defined as the interval from the index
operation to the second operation duve to C-ASP. C-ASP

@ Springer
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flexion position

Fig. 1 Plain radiography measurement. @ Anterior slip in the flexion
position, b posterior slip in the extension position, ¢ vertebral body
width. The total percent slip is (2 4 b)c x 100. « Intervertebral disc

a

extension position

angle in flexion position, f§ intervertebral disc angle in the extension
position, The range of motion is « + § in degrees

Fig. 2 a The laminar inclination angle at L3 was defined as the angle
formed by a straight line connecting the base of the superior facet
with the base of the inferior facet, and a straight line connecting the
midpoints of the anterior and posterior I3 vertebral cortices on lateral
radiographs, b Facet orientation and tropism were determined by

was defined as a condition where an additional surgery at
L3-4 was required to treat symptomatic neurological
deterioration.

The following prognostic risk factors were examined:
age, sex, body mass index (BMI), facet orientation, facet
tropism, laminar inclination angle, SCSR by myelography

@ Springer

computed tomography images that were coplanar with the disc and
transected the facet joints. The sum of the right and left facet angles
and the difference between the right and left facet angles were defined
as the facet orientation and tropism, respectively

and MRI, preoperative adjacent segment instability, type of
fusion, presence of pseudarthrosis, segmental lordosis at
L4-5, and the %slip of L4—5 after 2 years postoperatively.
Continuous variables were dichotomised to increase the
statistical power using the Youden index from the receiver
operating characteristic curve (ROC),
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Fig. 3 The narrowest
anteroposterior dural sac
diameter at .34 (x) was
measured on lateral
myelographs taken in the
extension position (a) and on
MRI (b) in the same patient.
The dural sac diameter at the
midpoint of the L2 vertebral
body (y) was also measured.
The spinal canal stenosis ratio
(SCSR) was calculated as
xfy % 100

myelography

A log-rank test was used for univariate analyses using
the Kaplan-Mejer method, and survival curves for all
patients with significant risk factors were constructed to
calculate the survival time. A multivariate Cox propor-
tional-hazards model was used to assess all factors
demonstrated to be significant by the log-rank test to adjust
for confounding factors.

Statistical analyses were performed using the JMP 10
statistical software package (SAS Institute Inc. Cary, NC).
A value of P <0.05 was considered to be statistically
significant.

Results

There were 56 males and 105 females. The mean age at
index surgery was 65.4 years (range 40-87 years). The
average follow-up period was 77.3 months (range
24-183 months). The follow-up rate was 78.9 %. Among
the 161 patients, 22 (13.7 %) underwent subsequent pro-
cedures at cranial segments adjacent to the L4-5 segment;
five patients underwent decompression surgery with
arthrodesis and 17 underwent decompression surgery
alone. After the additional surgery, all patients show
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MRI

improved neurological symptoms. The mean duration
between the index surgery and the additional surgery was
75.9 months (range 24—141 months).

The inter-observer correlation is shown in Table 1. The
kappa coefficient for pseudarthrosis rated between obser-
vers was 0.82 (P < 0.0001) and that of preoperative
instability at L3—4 was 0.89 (P < 0.0001).

Patients with a BMI = 25 kg/m® had a significantly
lower survival rate than their counterparts in.a univariate
analysis (log-rank test: P = 0.0497). The incidence of
C-ASP in patients with a BMI > 25 kg/m?® was estimated
to be 32.5 % at 10 years. Conversely, the incidence of
C-ASP in patients with a BMI < 25 kg/m® was lower, at
21.1 % at 10 years. The median survival time for patients
with a BMI > 25 kg/m® was 141 months (Fig. 4).

Patients with facet tropism >11° demonstrated a lower
survival rate than their counterparts (log-rank test:
P = 0.0178). The incidence of C-ASP among patients with
facet tropism >11° was 39.6 %, while for facet tropism
<11° it was 19.4 % at 10 years after the initial operation
(Fig. 5).

Regarding SCSR, patients with an SCSR =47 % on
myelography in the extension position showed a signifi-
cantly lower survival rate than their counterparts
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Table 1 Inter-gbserver
correlations for study
parameters

Parameters P value Pearsen correlation
coefficient
Facet grientation <0.001 0.91
Facet tropism <0.001 0.92
Laminar inclination angle <(.001 0.86
Segmental lordosis at L4-5 <0.001 0.87
%Slip of L4 <0.001 0.89
SCSR of MRI <0.001 0.91
SCSR of myelography (neutral position) <0.001 0.88
SCSR of myelography(flexion position) <0.001 0.87
SCSR of myelography(extension position) <0.001 0.89

Significance was set at P < 0.05

SCSR spinal canal stenosis ratio, MRI magnetic resonance imaging
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Fig. 5 The Kaplan-Meier survivorship curve of patients with facet
tropism >11° versus those with facet tropism <11°

(P < 0.0001). In these patients, the prevalence of C-ASP
requiring reoperation was 51.3 % at 10 years, whereas it
was 11.4 % in patients with an SCSR <47 %. The median
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Fig. 6 The Kaplan—Meier survivorship curve of patients with an
SCSR = 47 % versus those with an SCSR < 47 % on myelography.
SCSR spinal canal stenosis ratio

survival time for patients with an SCSR >47 % was
110 months (Fig. 6).

Interestingly, SCSR determined by MRI was not a sig-
nificant risk factor (log-rank test: P = 0.2990). Since a
factor with a higher discrimination abijlity makes an ROC
curve closer to the top left corner, the area under the ROC
curve {AUC) is used to indicate the sensitivity and speci-
ficity of each factor. We compared the AUC values of MRI
and myelography in the extension positions. In this anal-
ysis, the AUC of the SCSR determined by myelography
was significantly higher than that of the SCSR determined
by MRI (Fig. 7). In fact, 13.2 % of patients who exhibited
SCSR on MRI <50 % had an SCSR >50 % on myelog-
raphy in the extension position.

Other potential risk factors, such as age, sex, facet ori-
entation, laminar inclination angle, preoperative adjacent
segment instability, type of fusion, pseudarthrosis, seg-
mental lordosis, the %slip, and SCSR on myelography in
the neutral and flexion positions, were not statistically
significant (Table 2). A multivariate Cox propoertional-
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Fig, 7 Receiver operating
characteristic curves of the
SCSR on myelography at
extension and the SCSR on
MRI. AUC area under the ROC
curve, SCSR spinal canal
t is rati
Sienosis ralio 2 Source of the Curve AUC
2
"g’ SCSR on myelography 0.7528
8 in extension posltion
SCSRonMRI __ea... 0,5768
Chi-squared test: P = 0.0004

Table 2 Potential risk factors for clinical adjacent segment pathol-
ogy after lumbar spinal fusion based on the log-rank test

Risk factor P value
Sex (femnale) 0.3530
Age > 68 years 0.3989
BMI = 25 kg/m? 0.0497*
Facet orientation >65° 0.2272
Facet tropism =11° 0.0178*
Laminar inclination >120° 0.6325
SCSR on MRI = 35 % 0.2990
SCSR on myelography in extension =47 % <0.0001*
SCSR on myelography in nentral >33 % 0.0757
SCSR on myelography in flexion =18 % 0.1467
Preoperative instability 0.6902
Type of fusion 0.4737
Pseudarthrosis 0.2086
Segmental lordosis at L4-5 > 6.3° 0.2278
%Slip of L4 = 13.4% 0.1465

Significance was set at P < 0.05%

BMI body mass index, SCSR spinal canal stenosis ratio, MR] mag-
netic resonance imaging

hazards model revealed a BMI > 25 kg/m?, facet tropism
>11°, and SCSR >47 % on myelography to be significant
risk factors, and patients with these factors had 3.1-, 3.7,

¥ * 3
0.4 0.6 0.8 1.0

1-Specificity

and 4.9-fold higher risks of adjacent segment reoperation
than their counterparts, respectively (Table 3).

Discussion

The definition of C-ASP has often been reported as adjacent
segment pathology, manifesting radiculopathy, neurogenic
intermittent claudication, back pain, or a combination of
any of these [13], and the need for additional surgeries [3~5,
8-10] on the index fusion segments. Park et al. [3] reported
the incidence of C-ASP to range from 5.2 to 18.5 %. The
term ‘degeneration’ itself suggests a time-dependent phe-
nomenon, Therefore, the survival function estimated by the
Kaplan—Meier method and the multivariate Cox regression
model are good ways to analyse the development of ASP as
a late complication of spinal arthrodesis.

Regardless of the use of spinal arthrodesis, the clinical
course of patients with severe spinal stenosis often deteri-
orates over time during conservative treatments [14]. This
indicates that pre-existing spinal stenosis in itself may be a
significant risk factor for C-ASP. Cho et al. [10] reported a
significant relationship between pre-existing spinal stenosis
and C-ASP. However, they did not indicate a cutoif point
for spinal stenosis that may increase the likelihood of
C-ASP. In the current study, patients with an SCSR >47 %

Table 3 Risk factors for

L . Risk factor P vzlie Hazard ratio 95 % confidence interval
clinical adjacent segment
pathology after Jumbar spinal BMI > 25 kg/m? 0.0212° 3.12 1.18-8.49
fusi - .
uson Facet tropism >11° 0.0114 3.74 1.35-10.30
SCSR in myelography >47 % 0.0003" 4.87 2.05~12.78

Significance was set at P < 0.05*

BMI body mass index, SCSR spinal cana) stenosis ratio
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on myelography in the extension position exhibited a 4.87-
fold higher risk of adjacent segment reoperation than their
counterparts. Interestingly, spinal stenosis demonstrated by
MRI was not a significant factor. We attempted to change
the cutoff point for SCSR on MRI from 35 to 60 %;
however, the MRI findings were not a significant factor,
Moreover, the AUC of SCSR on myelography in the
extension position (0.7528) was significantly larger than
that on MRI (0.5768) (Chi squared; P = 0.0004). These
results suggest that myelography has a significantly higher
sensitivity and specificity to detect not only latent spinal
canal stenosis, but alse the risk of ASP requiring additional
surgery.

While these results indicate that pre-existing severe
stenosis can be a significant risk factor for C-ASP, this does
not lead directly to a recommendation for performing
laminectomy during the index surgery, since performing
laminectomy adjacent to a fusion segment demonstrated a
significant association with ASP [5, 15-17]. Imagama et al.
[15] recommended that the adjacent segment with asymp-
tomatic spinal stenosis should not be subjected to a con-
comitant decompression from the viewpoint of preventing
ASP. We therefore recommend that surgeons should have
thorough discussions with patients to determine whether a
concomitant operation at adjacent segments with asymp-
tomatic stenosis should be performed.

Facet tropism is defined as asymmetry in the facet joint
that causes an abnormal rotation of the spinal segment,
which increases the mechanical stress on the disc and could
lead to lumbar degeneration or disc herniation [18, 19].
Several studies have reported greater facet tropism to have
a significant relationship with C-ASP [9]. In the current
study, patients with facet tropism >11° had a 3.74-fold
higher risk of adjacent segment reoperation compared to
their counterparts. We hypothesised that facet tropism may
affect the rotational stability, which accelerates the thick-
ening of the ligamentum flavum, thus resulting in spinal
canal stenosis. However, some authors have reported no
association between facet tropism and the occurrence of
C-ASP [10]. Further studies are required to clarify this
issue.

It remains controversial as to whether an association
exists between BMI and ASP. Some studies reported no
association between BMI and radiographic ASP [20];
however, Cho et al. [10] reported BMI to be a significant
risk factor for C-ASP, and Liuke et al. [21] reported that a
BMI > 25 kg/m2 increased the risk of lumbar disc
degeneration on MRI. It is assumed that being overweight
might cause disc degeneration [22], resulting in earlier ASP
over the long term. In this series, a BMI > 25 kg/m® was
identified as a significant risk factor for C-ASP, and
patients with this factor had a 3.12-fold higher risk of
needing adjacent segment reoperation than their

@ Springer
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counterparts. Patients with high BMI appear to have a
higher risk of C-ASP; however, a large prospective study is
needed to confirm this finding.

In this study, other factors were not significant risk
factors for C-ASP. The association between the conditions
of fused segments and the occurrence of ASP also remains
controversial. Since almost all past studies were retro-
spective analyses that contained potential bias, a ran-
domised prospective study will be necessary to resolve
these issues.

There are several possible limitations associated with
this study. First, it was a retrospective study. Second, the
predictors derived were not prospectively validated in an
independent population. Third, the sample size was rela-
tively small. Finally, whole spinal radiographs were not
routinely taken for DS patients who underwent one-seg-
ment spinal fusion and decompression and, therefore, a
whole spinal radiographic analysis was not possible in this
study. Despite these limitations, the factors identified in
this study may assist both surgeons and patients when
making decisions about whether or not to include an
adjacent segment at the time of index fusion surgery.

In conclusion, a BMI > 25 kg/m?, facet tropism >11°,
and pre-existing stenosis =47 % demonstrated on myel-
ography in the extension position were found to be
important risk factors for C-ASP requiring a second oper-
ation. Careful consideration of the type and extent of sur-
gery is therefore necessary when these risk factors are
present,
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A Study of Risk Factors for Tracheostomy in
Patients With a Cervical Spinal Cord Injury

Jun Tanaka, MD,” Itaru Yugue, MD, PhD,! Keiichiro Shiba, MD, PhD,! Akira Maeyama, MD, PhD,*

and Masatoshi Naito, MD, PhD*

Study Design. A retrospective, consecutive case series.
Objective. To determine the risk factors for a tracheostomy in
patients with a cervical spinal cord injury.

Summary and Background Date. Respiratory status cannot
be stabilized in patients with a cervical spinal cord injury {CSCI)
for various reasons, so a number of these patients require long-
term respiratory care and a tracheostomy. Various studies have
described risk factors for a tracheostomy, but none have
indicated a relationship between imaging assessment and the
need for a tracheostorny. The current study used imaging
assessment and other approaches to assess and examine the risk
factors for a tracheostomy in patients with a CSCL.

Methods. Subjects were 199 patients who were treated at the
Spinal Injuries Center within 72 hours of a CSCI over 8-year
period. Risk factors for a tracheostamy were retrospectively
studied. Patients were assessed in terms of 10 items: age, sex,
the presence of a vertebral fracture or dislocation, ASIA Impair-
ment Scale, the neurological level of injury (NLI), PaOa,, PaCO,,
the level of injury on magnetic resonance imaging (MRI), the
presence of hematoma-like changes (a hypointense core sur-
rounded by a hyperintense rim in T2-weighted images) on MRI,
and the Injury Severity Score.

ltems were analyzed multivariate logistic regression, and
P <0.05 was considered to indicate a significant difference.
Results, Twenty-three of the 199 patients required a tracheost-
omy, accounting for 11.6% of patients with a C$Cl. Univariate
analyses of the risk factors for tracheostomy revealed significant
differences for six items: age, Injury Severity Score, presence of
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fracture or dislocation, ASIA Impairment Scale A, NLI C4 or
above, and MRI scans revealing hematoma-like changes. Multi-
variate logistic regression analyses revealed significant differ-
ences in terms of two items: NLI C4 or above and MRI scans
revealing hematoma-like changes. Thirty patients had both an
NLI C4 or above and MRI scans revealing hematoma-like
changes. Of these, 17 (56.7%) required a tracheostomy.
Conclusion, Patients with an NU C4 or above and MRI scans
revealing hematoma-like changes were likely to require a
tracheostomy. An early tracheostomy should be considered for
patients with both of these characteristics.

Key words: arterial blood gases, ASIA impairment scale,
cervical spinal cord injury, hematoma-like changes on magnetic
resonance imaging, imaging assessment, injury severity score,
neurological level of injury, risk factors, tracheostomy, vertebral
fracture or dislocation.

Level of Evidence: 3

Spine 2016;41:764-771

with a cervical spinal cord injury (CSCI) for various

reasons, so a number of these patients require long-
term respiratory care and a tracheostomy. Numerous stud-
ies have reported that respiratory dysfunction is closely
associated with morbidity and mortality in CSCL,*~2 and
respiratory dysfunction leads to massive financial expenses.®
The cause of death for patients with a CSCl is often a urinary
complication or a respiratory complication.*® A recent
study from abroad has reported that respiratory compli-
cations represent the leading cause of death in patients with
a CSCL,’ and the same is true in Japan.?

In the acute phase of CSCI, spinal shock can have
an effect and the patient’s respiratory status might be
unstable, so temporary ventilator management is often
required.*~1® Tf the patient’s respiratory status fails to
improve with temporary ventilator management and long-
term intubation is required, a tracheostomy is often per-
formed. Performing a tracheostomy early on is known to
be useful in reducing resgiratory complications, as various
studies have reported®>1°~18; however, unnecessary intuba-
tion and unnecessary tracheostomies are known to increase

R espiratory status cannot be stabilized in patients
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the risk of complications in both the short and long term.”

Exaggerating the usefulness of an early tracheostomy can
result in unnecessary tracheal intubation or an unnecessary
tracheostomy. Thus, predicting true risk factors for intuba-
tion or a tracheostomy in patients with a CSCI is important.

Various studies have described risk factors for a trache-
ostomy in patients with a CSCIL These include advanced
age,”2 complete paralysis,*-8:1%1719-22.23 3 high level of
neurological paralysis,®1>1*2! the patient’s general con-
dition prior to the injury and a prior history of lung dis-
ease, %1% a high injury severity score (ISS),%17 a history of
smoking,” and a low forced vital capacity upon admission.””

Nevertheless, no previous studies have indicated a
relationship between imaging assessment (radiographs,
computed tomography, or magnetic resonance imaging
[MRI]) and the need for a tracheostomy. The current study
used imaging assessment and other approaches to assess and
examine the risk factors for a tracheostomy in patients with
a CSCIL.

METHODS

Subjects were 199 patients who were treated by the Depart-
ment of Orthopedic Surgery of the Spinal Injuries Center
within 72 hours of a CSCI over 8-year period from January
1, 2005 to December 31, 2012. Patients consisted of 165
males and 34 females ranging in age from 14 to 91 years
with a mean age of 61.9 years.

All patients were examined by two or more physicians
and a physical therapist upon admission, and patients were
assessed neurologically. In addition, the presence or absence
of a vertebral fracture or dislocation was assessed using X-
ray films or computed tomography scans and the presence or
absence of cord damage was assessed using MRI scans in all
patients upon admission. Surgery (anterior spine fusion,
posterior spine fuston, or anterior spine fusion and posterior
spine fusion,) was performed on patients with apparent
spinal instability. Arterial blood gases were measured in
all patients upon admission. If patients had apnea or venti-
latory failure prior to initial admission and they needed
assistance breathing, a tracheostomy was performed on the
day of admission. If, however, a patient’s respiratory status
gradually worsened after admission, intubation was per-
formed at the discretion of the patient’s primary physician in
accordance with the patient’s respiratory status. When long-
term ventilator management was considered necessary, a
tracheostomy was performed. This Center has not formu-
lated definite standards for intubation and tracheostomy,
although blood gas results of PaO, 70mm Hg or less and
PaCO; at least 50mm Hg serve as somewhat of a guide,
regardless of whether O, is administered.

Medical records, the patient’s discharge summary, and
imaging findings upon admission and discharge were
retrospectively studied.

The following items were studied retrospectively: age,
sex, the presence or absence of a vertebral fracture or
dislocation at the level of injury, the American Spinal
Association {ASIA) Impairment Scale (AIS), the neurological

Spine

level of injury (NLI), PaQ; according to a blood gas analysis,
PaCO, according to a blood gas analysis, the level of injury
on MRI, hematoma-like changes on MRI (presence or
absence of a hypointense core surrounded by a hyperintense
rim in T2-weighted images), and the ISS.

Statistical analyses were done using the Jump11 statisti-
cal software package from SAS Institute Inc. (Cary, NC).

In instances wherein there was no avulsion fracture of the
anterior aspect of the vertebral body or a spinous process
fracture in conjunction with a hyperextension injury, no
bone injury on MRI scans, and no need for surgery due to
the lack of spinal instability, bone injury or dislocation was
deemed to be absent. In addition, the NLI was the most
caudal segment wherein normal motor and sensory function
were intact. If hematoma-like changes were present, the
level of those changes served as the level of injury on MRI If
those changes were absent, the segment wherein the center
of a wider ranging hyperintensity was located on T2-
weighted images served as the level of injury on MRI
{Figure 14, B).

Age, Pa0,, PaCQ,, and the ISS were assessed as con-
tinuous variables. To increase statistic power, the AIS, the
NLI, and the level of injury on MRI were dichotomized as an
AIS A or not, an NLI C4 or above or not, and a level of injury
on MRI C3/4 or less or not.

RESULTS

A total of 199 patients with a cervical spinal cord injury
were treated at this center over 8-year pericd. Patients
consisted of 165 males and 34 females ranging in age from
14 to 91 years with a mean age of 61.9 years. All of the
patients had suffered blunt wauma. Sixty patients (30.1%])
had a vertebral fracture or dislocation.

The extent of paralysis upon admission was AIS A in 66
patients {33.2%), AISBin 38 (19.1%), AISCin 51 (25.6 %)},
and AIS D in 44 (22.1%). The NLI upon admisston was C2
in 1 patient (0.5%), C3in 10 (5.0%), C4in 90 (45.2%), C5
in 62 {31.2%), C6 in 19 (5.6%), C7 in 6 (3.0%), C8 in 1
{0.5%), and T1 in 10 (5.0%) (Table 1}.

All of the patients underwent an MRI upon admission,
and hyper-intensity changes on T2-weighted images were
noted in all of the patients. The level of injury on MRI was
C2/3 in § patients (2.5%), C3 in 2 (1.0%), C3/4 in 70
{35.2%), C4 in 4 (2.0%), C4/5 in 49 (24.6%), C5 in 10
(5.0%), C5/6 in 29 (14.6%), C6 in 4 (2.0%), C6/7 in 24
(12.1%), C7 in 1 (0.5%), and C7/T1 in 1 (0.5%). Hema-
toma-like changes were noted in 46 patients {23.1%) and
such changes were not noted in 153 {76.9%) (Table 2).

Twenty-three of the 199 patients required a tracheos-
tomy, accounting for 11.6% of patients with a cervical
spinal cord injury. The average time from injury until a
tracheostomy was performed was 4.69 days {day of injury—
13 days later). Details on the 23 patients who underwent a
tracheostomy are indicated below (Table 3).

Eleven patients had a vertebral fracture or dislocation; a
bone injury was not noted in 12 patients, Seventeen patients
hadan ATS A, 4 had AISB, and 2 had AIS C. The NLI was C2
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level of injury on MRI. A, MRI findings of a
hypointense core surrounded by a hyperintense
rim in a T2-weighted image. We described these
B8 changes as “hematoma-like changes.” When
these changes were present, the level of the
Y changes served as the level of injury on MRI.
This patient’s level of injury on MRI was “C3/4".
B, When hematoma-like changes were absent,
the segment containing the center of a wider-
| ranging hyperintensity area served as the [evel of
» injury on MRI, This patient's level of injury on
MR1 was “C5/6.” MRI indicates magnetic reson-
ance imaging.

in 1 patient, C3 in 5, C4in 15,C5in 1 and T1in 1. The level
of injury on MRI scans was at C2/3 in 1 patient, at C3/4in 9,
at C4/5in 7, at C5/6 in §, and at C6/7 in 1. Hematoma-like
changes were noted on MRI images of 17 patients.

The final outcome (state at final follow-up} was death for
one patient and permanent ventilator management for sev-
en. The respiratory status of 15 patients stabilized, and they
were weaned from the ventilator.

JAGLE U Patients Demographic Data- - L
Mean=+SD Overall (n=199) _Tracheostomy (n=23) | No Tracheostomy (n=176)
Age (yrs} 61.9+17.7 69.1+15.8 60.9+17.8
Sex

Male 165 (82.9%) 17 (73.9%} 148 (84.1%}

Female 34 (17.1%) 6 (26.1%) 28 (15.9%)
Fracture or dislocation

+ 60 (30.1%) 11 {43.5%) 49 (27.8%)

— 139 (69.9%} 12 {56.5%) 127 (72.2%)
Initial AIS

A 66 (33.2%} 17 (73.9%) 49 (27.8%)

B 38 (19.1%) 4 (17.4%) 34 (19.4%)

C 51 (25.6%} 2 (8.7%) 49 (27.8%)

D 44 (22.1%) 0 44 {25.0%)})
Initial NLE

Cc2 1 {0.5%) 1 (4.4%) 0

G 10 (5.0%) 5 (21.7%) 5 (2.8%)

c4 90 {45.2%) 15 (65.3%) 75 (42.6%)

C5 62 {31.2%) 1 (4.4%) 61 (34.7%)

Cé 19 {9.6%) 0 19 (10.9%)

c7 6 (3.0%) Y 6 (3.4%}

] 1 {0.5%) 0 1 {0.5%)

T1 10 {5.0%) 1 {(4.4%]) 9 {5.1%)
Arterial blood gases

PQO; (mm Hg) 91.9:£40.7 104.1£71.2 90.3134.9

PCOz{mm Hg) 38.3£5.1 39.94+5.4 38.1+5.0
1SS 21.4£10.6 31.7£18.9 20.14+8.2
AlS indicates American Spinal Association impairment scale; ISS, injury severity score; NLI, neuralagical level of injury; $D, standard deviation.

766  www.spinejournal.com ' May 2016

Copyright © 2016 Wolters Kluwer Health, inc. Unauthorized reproduction of this article is prohibited.

-121-



Study of Risk Factors for Tracheostomy in Patients With a CSCI = Tanaka et al

Level of spinal cord injury on MR
C2/3 5 (2.5%) 1 (4.4%)} 4 {2.3%)
C3 2 (1.0%) 0 2 {1.1%)
C3/4 70 (35.2%) 9 {39.1%) 61 (34.7%)})
C4 4 (2.0%) 0 4 {2.3%)
C4/5 49 (24.6%) 7 {30.4%) 42 (23.9%)
C5 10 (5.0%) 0 10 (5.7%)
C5/6 29 (14.6%) 5 {21.7%) 24 {13.6%)})
Cb6 4 (2.0%) 0 4 {(2.3%)
C6/7 24 {12.1%) 1 {4.4%) 23 (13.1%)
c7 1 {0.5%) 0 1 (0.5%)
C7/M1 1 {0.5%) 0 1 (0.5%)

Hematoma-like changes on MRI
+ 46 (23.1%) 17 (73.9%) 29 (16.5%;)
— 153 (76.9%) 6 (26.1%) 147 (83.5%)

MR indicates magnetic resonance imaging; 5D, standard deviation.

Univariate analyses of the risk factors for tracheostomy
revealed significant differences for six items: age
(P=0.0422, odds ratio [OR]=1.035), ISS (P=0.0002,
OR =1.065), presence of fracture or dislocation (P=
0.0209, OR=2.827), AIS A (P<0.0001, OR=7.344},
NLI C4 or above (P=0.0008, OR=12.599), and MRI
scans revealing hematoma-like changes (P <0.0001,
OR =9.504) (Table 4).

The aforementioned items with significant differences in
the univariate analyses were further analyzed using multi-
variate logistic regression. The results revealed significant-
differences for two items: NLI C4 or above (P=0.0058,
OR=09.681) and MRI scans revealing hematoma-like
changes (P=0.0212, OR =3.941) (Table 5).

In addition, 17 of 30 patients (56.7%) who had both an
NLI C4 or above and MRI scans revealing hematoma-like

Hematoma- PO2 on '?CQZ on
. . ) : T2 High | like changes | Admission | Admission

Case No. Age. Sex Typé of Fracture AlS NLI Level on MRl {mm Hg} | (mm Hg) Final Form

80 F C6 fracture dislocation A C4 car7 + 74.73 45.2 Trach collar
2 47 M C3 tear drop fracture T4 A T C3/4 - 80.9 36 Closed

fracture dislogation
3 49 M C5 burst fracture A C4 C5/6 + 66.7 41.8 Closed
4 64 M C4 fracture dislocation A C4 CAlS + 72.1 36.5 Trach colfar
5 B2 F C3 fracture dislocation C C4 C3/4 -+ 145.7 45.1 Closed
6 84 M C4 fracture dislocation A C3 CAl5 + 74.5 34.4 Mechanical ventilation
7 75 M C5 fracture {(post ASF} C 3 Ca/5 - 45.8 46.6 Closed
8 61 F C5 fracture dislocation A C4 C5/6 + 116.9 37.4 Closed
] ‘80 F €3 burst fracture B [of ] C3/4 + 59.0 40.0 Closed
10 76 M C5 fracture dislocation A C4 C5/6 + 161.0 33.0 Trach collar
1 70 M C3 fracture dislocation A C3 C3/4 + 166.0 46.7 Mechanical ventilation
12 51 M Na fraciure A C3 CS5/% - 97.0 49.0 Mechanical ventilation
13 77 M No fracture A C4 C4/5 + 48.6 47.6 Mechanical ventilation
14 22 M No fracture A C3 c23 + 392 40.7 Closed
{intubated)| (intubated)

15 63 M No fracture B C4 C3/4 - 63.4 33.8 Closed
16 89 M No fracture A C4 C4/5 + 93.6 34.8 Died
17 72 M No fraclure B C4 C3/4 - 86.5 33.4 Closed
18 69 F No fracture A C4 C3/4 + 123 43.9 Closed
19 61 M No fracture B C2 C3/4 + 127 35.7 Mechanical venilation
20 85 F No fracture A C4 C4/5 + 69.5 43.1 Closed
21 82 M No fracture A s C5/6 — 72.5 37.2 Closed
22 66 M No fracture A C4 C4/5 + 72.7 31.6 Mechanical ventilation
23 84 M No fracture A Cc4 C3/4 + 86.2 43.9 Mechanical ventilation
AlS indicates American Spinal Association impairment scale; ASF, anterior spine fusion; MRI, magnetic resonance imaging; NLI, neurological level of injury.
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L e R . OR., . .| 95% Confidence Initerval -
Age 0.0422 1.035 1.004-1.074"
IS5 0.0002 1.065 1.032-1.106
PO, on admission 0.1445 1.006 0.997-1.014
PCO; on admission 0.1055 1.076 0.986-1.183
Sex 0.2284 1.866 0.629-4.939
Fracture or dislocation (+) 0.0209 2.827 1.166-6.931"
AlS A <0.0001 7.344 2.870-21.353"
NLI >C4 0.0008 12.599 3.550-80.260"
Injury level on MRI >C3/4 0.6169 1.251 (.508-3.004
Hernatoma-like changes on MRI <0.0001 9.504 3.780-25.604*

odds ratio.
"P<0.05.

Age, 155, PO, and PCO; were calculated by the continuous variable function unit odds ratio.
AlS indicates American Spinal Association impairment scale; ISS, injury severity score; MRI, magnetic resonance imaging; NLI, neurological level of injury; OR,

changes required a tracheostomy, whereas 15 of 40 patients
{37.5%} who had both an NLI C4 or above and AIS A on
admission required a tracheostomy.

DISCUSSION

Various complications can occur after a CSCI, although the
most frequent are respiratory complications.!™ Typical
complications ‘include atelectasis, pneumonia, and venti-
latory failure. These complications often occur in the acute
phase within § days of injury.!

The diaphragm is innervated by nerves originating from
C3-C5 (primarily from C4), and damage to the spinal cord
at a higher level will immediately necessitate ventilator
management. Sputum is expelled and coughing is accom-
plished primarily with the intercostal muscles and abdomi-
nal muscles, Even if the injury occurred at a lower level and
the diaphragm still functioned, paralysis of these muscles
causes sputum to pool, thereby facilitating atelectasis and
pneumonia.'® ¢ In the acute phase of injury, the sympath-
etic nerves are interrupted and the vagus nerve predomi-
nates. Furthermore, tracheobronchial secretions increase
and the airway constricts. The amount of sputum increases
and the sputum cannot be readily expelled. This phenom-
enon is one reason for why respiratory complications are
so frequent.

TAGHE 5. Results of the Multiple Logistic Regression Model -

In the first week after injury, a patient’s vital capacity will
decrease by 30% or more. About 5 weeks after injury, vital
capacity will begin to recover, and 3 months after injury the
vital capacity will double.'"18 If the period of an unstable
respiratory status in the acute-subacute phase of injury can
be weathered, then the respiratory status will subsequently
stabilize for the most part. Thus, predicting risk factors for
intubation or tracheostomy in patients with a CSCI
is important.

Studies cite widely differing figures for the percentage of
patients requiring a tracheostomy after CSCIL. These figures
range from 15.2% to 81%, and recent studies have noted
that a relatively high percentage of those patients require a
tracheostomy.®~?1%1%1%2124 - Numerous  studies have
reported that performing a tracheostomy early on is useful
in reducing respiratory complications.%*1¢~18 This might be
the reason for the substantial difference in the percentage of
patients with a tracheostomy, That said, one possibility is
that intubation or tracheostomy is performed unnecessarily,
and such situations should be avoided.

The current study found that 11.6% of patients with a
CSCI require a tracheostomy, and this is lower than the
percentages described in other studies. This Center is a
dedicated facility with a Department of Orthopedic Surgery
and in principle this facility does not accept patients in the

T | R OR | 95% Confidénce
Age 0.0782 1.031 0.999-1.071
IS8 0.2784 1.025 0.983-1.077
Fracture or Dislocation (+) 0.2477 2.049 0.597-6.970
AlS A 0.2180 2.329 0.600-9.154
NLI > C4 0.0058 9.681 2.362-66.748"
Hematoma-like changes on MR 0.0212 3.941 1.243-13.131*
Age and 155 were calculated by the continuous variable function unit odds ratio.
gésd ;‘n;'.iggtes American Spinal Association impairment scale; IS5, injury severity score; MRI, magnetic resonance imaging; NLI, neurclogical fevel of injury; OR,
"P<0.05.
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acute phase of multiple trauma. This Center sees a small
proportion of patients with complications such as a brain
contusion, multiple rib fractures, a hemopneumothorax, or
injuries to the abdominal viscera, which might explain why
so few of the current patients required a tracheostomy. The
aforementioned reasons are also presumably the reason why
tracheal intubation or a tracheostomy is so often indicated
for a simple CSCI seen at this Center. In this study, uni-
variate analyses and multivariate analyses yielded signifi-
cant differences in terms of two items: an NLI C4 or above
and MRI scans revealing hematoma-like changes. The afore-
mentioned reasons are presumably why these two items
were predictors for a tracheostomy, in a true sense, in
patients with a CSCIL,

Numerous studies have reported that complete paralysis
is a risk factor for intubation or a tracheostomy.~
8,14,17,19-22.23 Iy the current study, univariate analyses indi-
cated that AIS A was a risk factor for tracheostomy, whereas
multivariate analyses revealed no significant differences in
AJS A,

This might be because complete paralysis means that the
intercostal muscles and abdominal muscles are paralyzed,
regardless of the level of the CSCI; however, Yugue et al’
reported that 18.8% of patients who were AIS A upon
admission had an improved level of paralysis (a grade other
than A) at final follow-up. Similarly, 66 patients in the
current study were AIS A upon admission, although eight
(12.1%}) had improvement at final follow-up. The period of
spinal shock might have been included in the 72 hours after
injury. Given this possibility, improvement in the level of
paralysis needs to be assessed.

The ISS was similarly found to be a risk factor for
tracheostomy according to univariate analyses. ISS is a score
for the severity of multiple trauma. Several studies have
reported that a high ISS is a predictor for tracheostomy in
patients with a CSCI®?; however, Velmahos et al*! stated
that assessment of the ISS is difficult in the acute phase of
trauma, and they recommended that the 1SS not be used as a
predictor of tracheostomy.

No studies have indicated the relationship between imag-
ing assessment and the need for a tracheostomy. The current
study is the first to do so. In the acute phase of injury,

ts

TAGIEG, Resul

“of the Multiple Logistic Regression M

blurred hyperintensity on T2-weighted MRI indicates spinal
cord contusion or edema.?’?” This imaging finding
suggests injury to the spinal cord. If cord damage is severe
and hematomyelia is present, hypointensities will be found
inside hyperintensities in T2-weighted images. This finding
mostly suggests severe spinal cord injury,’®*° and we
described those change as “hematoma-like changes.” Bozzo
et al*® reported that 93% of patients with MRI scans
revealing a hypointense core surrounded by a hyperintense
rim in T2-weighted images (hematoma-like changes) were
AIS A upon admission. Of these, 95% were AIS A at final
follow-up. In the current study, 82.6% of patients who were
found to have hematoma-like changes were AIS A upon
admission. All of the patients were AIS A at final follow-up,
and this grade might be correlated with severe paralysis.

In the current study, univariate analyses and multivariate
analyses revealed significant differences in MRI scans
revealing hematoma-like changes. The AIS grade might
change over time because of its relationship to spinal shock.
Consequently, the ISS might change as well. Thus, these
indicators change. In contrast, MRI images revealing hem-
atoma-like changes do not change with spinal shock, mak-
ing these MRI findings an independent indicator.

Of course, MRI was performed within a few hours after
the injury. Therefore, there was a possibility that hema-
toma-like changes (hypointense core surrounded by a hyper-
intense rim) did not appear on T2-weighted images, even if a
hematomyelia occurred, reflecting the intracellular oxyhe-
moglobin®®; however, if hypointensity changes were
revealed on T2-weighted image within 72 hours after the
injury, they reflected deoxyhemoglobin, suggesting that a
hemorrhage had occurred in the spinal cord and that the
damage was severe.

In addition, significant differences in the level of injury on
MRI scans were not noted, although an NLI C4 or above
was a risk factor for tracheostomy.

The level of injury on MRI and the NLI did not necess-
arily coincide. Results suggested that the NLI is important
because of its greater clinical significance.

Several studies have reported that an NLI at 2 high level is
a predictor for tracheotomy. %2121 Nerves innervating the
diaphragm originate at levels C3-C35. The diaphragm is

. - . P OR | 95% Confidence intérva

Age 0.1383 1.031 0.993-1.078

1SS 0.4848 1.016 0.974-1.066

Fracture or dislocation (4) 0.1476 2.617 0.101-1.411

AlS A 0.2180 1.705 0.386-7.369
Hematoma-like changes on MRI 0.0049 6.101 1.779-22.842"

Age and IS5 were calculated by the continuous variable function unit odds ratio,

AlS indicates American Spinal Association impairment scale; CSCI, cervical spinal cord injury; IS5, injury severity score; MRI, magnetic resonance imaging; NLI,
neurological level of injury; OR, odds ratio.

*P<0.05.
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involved in about 65% of breathing. The current study
yielded significant differences at C4 or above. Paralysis
due to an injury at C4 or above causes motor paralysis of
the diaphragm, which is likely to result in the patient’s
respiratory status worsening.

* Several studies have reported that the risk of tracheos-
tomy is related to age”'?; however, multivariate analyses
revealed no significant differences in patient age. In
addition, this study found no significant differences in
patient sex.

Studies have reported that the forced vital capacity upon
admission is correlated with the risk of tracheostomy,”
although this characteristic might present problems for
facilities that do not have a simple spirometer on hand.
Blood gas analysis is simple and convenient, and the results
might serve as an indicator in place of forced vital capacity.
In actuality, however, significant differences in blood gas
results were not evident.

An extensive search yielded no studies indicating a
relationship between bone injury or dislocation and the risk
of tracheostomy. The current study noted no significant
differences in tertns of the presence or absence of a vertebral
fracture or dislocation in multivariate analyses. This is
probably because the damage to the spinal cord is a more
important factor than the presence or absence of a vertebral
fracture or dislocation.

In the current study, multivariate analyses revealed sig-
nificant differences in terms of two items: an NLI C4 or
above and MRI scans revealing hematoma-like changes.

Multivariate-analyses revealed significant differences in
terms of two items in 30 patients. Of these patients, 17
(57%) required a tracheostomy, suggesting that patients
with both of the aforementioned characteristics are likely
to require a tracheostomy.

In addition, we examined the risk factors for a trache-
ostomy in a total of 101 CSCI patients who had NLI C4 or
above on admission. As a result, hematoma-like changes on
MRI only showed a significant difference in the multivariate
logistic regression model (P=0.0049, OR=6.101) (Table
6). This finding raises the possibility that hematoma-like
changes on MRI are an optimal indictor of the risk for
tracheostomy in patients with a CSCIL

The current study had several limitations. One is that this
study was a retrospective study that studied a relatively small
sample over an 8-year pericd. In addition, this study was
conducted at a single special facility, that is, the Spinal Injuries
Center, and not at other facilities. In addition, definite eligi-
bility eriteria for a tracheostomy have yet to be formulated at
this facility, and the final decision isleft to the discretion of the
patient’s primary physician. In addition, there is a possibility
that hematoma-like changes did not appear on T2-weighted
images, when MRI was performed within a few hours after
the injury. Moreover, this study did not examine aspects such
as patient history, original respiratory status, or whether or
not the patient smoked.

Despite these limitations, however, the current study
identified significant differences in terms of the two

770 www.spinejournal.com

items: an NLI C4 or above and MRI scans revealing
hematoma-like changes. These two items are statistically
independent risk factors. If patients have both of these
characteristics, they are extremely likely to have respir-
atory failure even if they had a satisfactory respiratory
status upon admission. These characteristics can serve as
important indices with which to study early tracheal
intubation and early tracheostomy.

> Key Points

0 The current study used imaging assessment and
other approaches to assess and examine the risk
factors for a tracheostomy in patlents with a CSCl.

0 Univariate anaiyses of the risk factors for.
tracheostomy revealed significant differences for
six items: age, 1SS, presence of fracture or
dislocation, AlS A; NLI C4 or above, and MRI
scans reveallng hematoma like changes.

0 Multivariate logistic regression analyses of the risk
factors for tracheostomy revealed significant
differences in terms of two items: NLI C4 or
above and MRiI images revealing hematoma-
like changes.

O Spinal shock has an effect in the acute phase of
injury, hampering assessment of the AlS. In
contrast, MRI scans revealing hematoma-like
changes do not change with spinal shock,
making these MRI findings an independent
indicator.

0 Patients with an NLI C4 or above and MRI scans
revealing hematoma-like changes were likely to
require a tracheostomy.
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Clinical Influence of Cervical Spinal Canal
Stenosis on Neurological Outcome after
Traumatic Cervical Spinal Cord Injury
without Major Fracture or Dislocation
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Study Design: Retrospective case series.

Purpase: To clarify the influence of cervical spinal canal stenosis [CSCS) on neurelogical functional recovery after traumatic cervical
spinal cord injury {CSCI) without major fracture or dislocation

Overview of Literature: The biomechanical eticlogy of traumatic CSCI remains under discussion and its relationship with CSCS is
one of the most controversial issues in the clinical management of traumatic CSCI.

Methods: To obtain a relatively uniform background, patients non-surgically treated for an acute C3~4 level CSCI without major frac-
turg or dislocation were selected. We analyzed 58 subjects with traumatic CSCI using T2-weighted mid-sagittal magnetic resonance
imaging. The sagittal diameter of the cerebrospinal fluid (CSF) column, degree of canal stenosis, and neurologic outcomes in motor
function, incfuding improvement rate, were assessed.

Results: There were no significant retationships between sagittal diameter of the CSF column at the C3-4 segment and their Ameri-
can Spinal Injury Association motor scores at both admission and discharge. Moreover, no significant relationships were observed
between the sagittal diameter of the CSF column at the C3-4 segment and their neurological recovery during the following period.
Caonelusions: No relationships between pre-existing CSCS and neurological outcomes were evident after traumatic CSCI. These re-

sults suggest that decompression surgery might not be recommendad for traumatic CSCl without major fracture or dislocation despite
pre-existing CSCS.

Keywards: Cervical spinal canal stenosis; Cervical spinal cord injury without major fracture or dislocation; Magnetic resonance im-
aging; Neurologica! outcome

intreduction ing adult traumatic cervical spinal cord injuries {CSCI)
without major bony injury or dislocation, using various
Numerous previous studies have been published concern- nomenclature, such as hyperextension dislocation [1],
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spinal cord injury (SCI) without radiographical abnormal-
ity in adults (SCIWORA) [2-6], SCI without radiographi-
cal evidence of trauma (SCIWORET) {7-9], and CSCI
without bony injury [10-11]. Most patients are elderly'and
may present with tetraplegia caused by a hyperextension
injury, predominantly at the C3~4 segment, with cord
compression as a result of a stenotic spondylotic canal
[3,7.12-14]. However, the influence of cervical spinal ca-
nal stenosis (CSCS) on neurological recovery after CSCI
remains unclear.

The broad definition of SCIWORA/SCIWORET in-
cludes disc injury, anterior vertebral body tip or spinous
process fracture, or other ligamentous injury. We defined
CSCI with or without those injuries but without spinal ca-
nal bony injury as traumatic CSCI without major fracture
or dislocation. Traumatic CSCI can occur with or without
CSCS and cervical cord compression. The biomechani-
cal etiology of traumatic CSCI without major fracture or
dislocation remains under discussion, and its relationship
with CSCS is one of the most controversial issues in the
clinical management of traumatic CSCI.

The aims of the current study were to clarify the influ-
ence of spinal canal stenosis on neurological functional
recovery after traumatic CSCI without major fracture or
dislocation,

Materials and Methods

1. Study population

A total of 101 subjects with traumatic CSCI without ma-
jor fracture or dislocation were treated conservatively in
our facility from 2010 to 2013. All patients underwent
functional plain radiographs including flexion and exten-
sion, computed tomography (CT), magnetic resonance
imaging (MRI), and neurologic examination by a senior
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spine surgeon at the time of admission. All patients wore
a Philadelphia collar for 4 weeks and started their reha-
bilitation from sitting exercise immediately without caus-
ing any discomfort if their general conditions were stable.
Of these patients, 58 had the injury at C3-4 (57.4%); 1 at
C2-3 (1.0%); 26 at C4-5 (25.7%); 12 at C5-6 (11.9%); and
4 at C6-7 (4.0%). In the study, we focused on the subjects
with responsible injured segment at the C3-4 segment
who were admitted to our facility within 48 hours follow-
ing trauma and had evidence of cervical cord injury with
cervical cord intensity change on T2-weighted MRI at the
C3-4 segment. A total of 58 subjects (52 men, 6 women;
average age, 63.8 years [range, 42-89 years]) were includ-
ed in the study. Of the 58 patients, 34 showed central cord
syndrome, 20 showed transverse, 2 showed anterior cord
syndrome, and 2 showed Brown-Sequard syndrome. The
average period of hospitalization was 258 days (range, 61
to 550). The neurologic status of the patients at the time
of admission and discharge are summarized in Table 1.
Patients with the following conditions were excluded from
the study: multiple segmental cervical cord injury, cervi-
cal myelopathy before trauma, apparent herniated disc at
the injured segment, severe instability on functional ra-
diographs as defined by White et al. [15) {dynamic trans-
lation >3.5 mm or 11° greater angulation than that in the
adjacent segment) or indication of spontaneous reduction
of dislocation at C3-4 segment, or ankylosing spondylitis.

Institutional Review Board approval was granted and
informed consent was obtained from all patients included
in the study.

2, Measurement of sagittal diameter of the CSF column
We used a T2-weighted mid-sagittal MRI scan obtained

at the time of admission to measure the sagittal diam-
eters of the cerebrospinal fluid (CSF) column at the C3-4
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intervertebral disc level and C3 pedicle level. The rate of
spinal canal stenosis was calculated using the following
equation: {A-B)/Ax100 (Fig. 1).

3. Neurological status {ASIA motor score)

The American Spinal Injuries Association (ASIA) motor

Fig. 1. T2-weighted midsagittal magnetic resonance im-
aging. A is the diameter of the cervical cord at the non-
compression level and B is the diameter of the cervical
cord at the injured level.
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score (range, 0 to 100) was documented at the time of
admission and discharge for each patient. Neurological
recovery was evaluated as an improvement rate (%) calcu-
lated as {motor score at discharge-motor score at admis-
sion)/(100-motor score at admission)x100,

4. Statistical analysis

Statistical analysis was performed using the Spearman
rank-correlation coefficient to evaluate the relationships
between neurclogical status and CSCS. p<0.05 was con-
sidered statistically significant.

Results

The average value of the sagittal diameters of the CSF col-
umns at the C3-4 intervertebral disc and C3 pedicle level
was 6.5 mm and 8.9 mm, respectively. The average period
of hospitalization was 258 days (range, 61 to 550 days).
The average value of ASIA motor score at the time of ad-
mission and discharge was 28.5 and 67.7, respectively, and
the improvement rate was 61.1%. The average value of the
spinal canal stenosis ratio was 25.7%.

Fig, 2 shows the relationships between the sagittal diam-
eter of the cervical CSF column at the C3-4 intervertebral
disc level and ASIA motor score, which reflects neurologi-
cal status at the time of admission and discharge. There
were no significant relationships between the sagittal di-
ameter of the cervical CSF column and ASIA motor scores
both at the time of admission (p=0.773) and discharge
{p=0.138) for the subjects with traumatic CSCI.

Fig. 3 shows the relationship between the sagittal diam-
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charge.

eter of the cervical CSF column at the C3-4 intervertebral
disc level and the improvement rate, which reflects neuro-
logical recovery at the time of discharge. We defined the
subtraction score as {motor score on discharge)-(motor
score on admission). There was no significant relationship
between the sagittal diameter of the cervical CSF column
and neurological recovery at the time of discharge (sub-
traction score; p=0.155, improvement rate; p=0.111).

Fig. 4 shows the relationships between the rate of spi-
nal canal stenosis and ASIA motor scores. There were no
significant relationships between the rate of spinal canal
steriosis and ASIA mator scores both at the time of admis-
sion (p=0.897) and discharge (p=0.315).

Fig. 5 shows the relationship between the rate of spinal
canal stenosis and improvement rate. There was also no
significant relationship between the rate of spinal canal
stenosis and neurological recovery at the time of discharge
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(subtraction score; p=0.441, improvement rate; p=0.277).

Biscussion

The mumber of CSCI without major fracture or distoca-
tion has been increasing as the population ages [16].
However, the clinical management of traumatic CSCI is
contentious,

Some authors recommend surgery for patients with
pre-existing canal stenosis, as persistent cord compression
may hinder neurological improvement [17-19]. La Rosa et
al. [17] reported that early decompression surgery within
24 hours after trauma had a significantly better outcome
compared with late surgical management. Chen et al. [18]
recommended surgical treatment to achieve rapid neu-
rological recovery and shorter hospitalization despite the
level of functional recovery in the surgical and conserva-
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tive treatment groups. Yamazaki et al. [19] reported that
the canal diameter was a reliable predictor of recovery and
recommended early decompression surgery. However,
these studies were retrospective comparisons with small
data sets and so likely had an inherent selection bias for
surgical management.

In contrast, other researchers have reported no ad-
ditional benefit with surgery compared to conservative
treatment [20-22]. For example, Itoh et al. [20] reported
no significant difference in neurological improvement
between surgical and conservative management of CSCI
without major bony injury; a higher frequency of postop-
erative complications was observed in subjects who were
treated surgically, Kawano et al. [21] reported that surgical
treatment was not superior to conservative treatment for
CSCI without major bony injury with spinal cord com-
pression in the acute phase. Although this study is not a
comparison of conservative and operative treatment, our
results propound prudence for surgical decompression
until unequivocal evidence demonstrating improved neu-
rological recovery or the prevention of delayed deteriora-
tion through surgery is presented.

In our facility, CSCI patients without major fracture or
dislocation have consistently been treated conservatively
and rehabilitated as early as possible, thus providing an
appropriate study cohort to examine whether cervical ca-
nal stenosis is a risk factor for a deteriorative neurological
course. We focused on the subjects with CSCI injured at
C3-4 segment because of its high frequency (57.4%). Sev-
eral studies have reported the frequent incidence of trau-
matic CSCI at the level of C3-4 segment. However, under
the circumstances, this remains a matter of debate. In the
study, there were no significant relationships between
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sagittal C3—4 cord diameters and ASIA motor scores both
at the time of admission and discharge. Moreover, no
significant relationship between CSCS and neurological
recovery was seen in CSCI subjects. These results ap-
pear to be unreascnable, since pathophysiology is closely
related with stenotic factors, especially in degenerative
cervical myelopathy [23,24]. Yet, careful consideration of
the mechanism of traumatic SCI could provide account-
able interpretations. At the moment of traumatic injury,
the unphysiological and instantanegus dynamic sténosis
would most significantly affect the neurological outcomes
[16]. In the present study, what we consider to be most
important finding is that canal stenosis on radiographs
is a different condition from the unphysiological stenosis
at the moment of injury. For this reason, the neurologi-
cal outcomne varies greatly, even among patients with the
same canal diameter. Our data are consistent with those
of earlier studies that showed that motor deficit severity
does not statistically correlate with spinal canal stenosis
degree [16,25,26]. Our results suggest that decompression
surgery might not be necessary for CSCI without major
fracture or dislocation with asymptomatic pre-existing
stenosis in the acute phase.

Nevertheless, some questions remain unanswered even
after the current study and so this study can only serve as
a pilot study for further research using larger populations,
which may help resolve several issues not addressed in
this study and further clarify the clinical management of
traumatic CSCI without major fracture or dislocation.

Conclusions

Our results showed no relationships between pre-existing



CSCS and neurclogical outcomes after traumatic CSCIL

These results suggested that decompression surgery might
not be recommended for traumatic CSCI without major
fracture or dislocation despite pre-existing CSCS.
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Abstract BACKGROUND CONTEXT: Neurologic motor deficit is a sericus complication of spinal surgery.
Early diagnosis of complications by neurclogic examination immediately after spinal surgery is man-
datory. However, patients cannot always cooperate with the physician in the very early stages of recovery.
PURPOSE: The aim of the present study is to prospectively investigate the usefulness of the “knee-
up test” for easy detection of postoperative motor deficits.

STUDY DESIGN: A prospective clinical study was carried out.

PATIENT SAMPLE: Patients with spinal disorder operated upon at a single institute were admin-
istered the knee-up test after an anesthesiologist had judged that endotracheal extubation was possible.
OUTCOME MEASURES: The outcome measures were preoperative and postoperative Manual
Muscle Testing.

METHODS: A simple yet reliable method known as the “knee-up test” was developed to easily
assess postoperative deficits before endotracheal extubation, When the patient's knee is passively
lifted up and the patient is able to maintain this position in both legs, the result is negative, whereas
when the patient is unable to maintain the knee in an upright position for one or both legs, the result
is positive. The presently accepted criterion for a new-onset postoperative neurologic motor deficit
is motor weakness leading to a decrease in function of at least two grades in more than one muscle
function within 12 hours of spinal surgery, as evaluated by the Manual Muscle Testing. The asso-
ciation between the presence of new-onset motor deficits and the results of the knee-up test was
prospectively investigated,

RESULTS: Seventeen patients exhibited positive results when evaluated using the knee-up test, whereas
521 patients exhibited negative results. Sixteen of the patients with positive results were deter-
mined to have new-onset motor deficits, whereas no new-onset motor deficits were observed in the
remaining patient. Of the 521 patients with negative knee-up test results, only 2 were determined to
have new-cnset motor deficits, whereas no new-onset motor deficits were observed in the remain-
ing 519 patients. The sensitivity, specificity, positive predictive value, and negative predictive value
were 88.9, 99.8, 94.1, and 99.5, respectively.

CONCLUSIONS: The knee-up test may allow for early and easy detection of postoperative motor
deficits with high probability in very eatly stages. © 2016 Elsevier Inc. All rights reserved.

Keywords: Clinical evaluation; Diagnosis method; Neurologic deficits; Postoperative complication; Spinal Infures Center
test; Spinal surgery
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Introduction

Neurologic complications immediately after spinal surgery
present a serious prablem for both patients and spinal sur-
geons [1]. Previous studies have reported that the incidence
of significant perioperative spinal cord or caunda equina injury
ranges from approximately 0% to 15% but is usually less than
2% [2-19]. Early diagnosis of neurologic complications im-~
mediately after spinal surgery is very important for preventing
the development of permanent neurologic deficits; surgeons
must promptly investigate the etiologies of complications with
imaging methods such as magnetic resonance imaging (MRI)
and computed tomography (CT) scans [12,20] to determine
whether re-operation is required [2]). However, just after op-
eration, patients cannot always cooperate with physicians in
undergoing a neurologic examination, especially before airway
extubation.

In a previous study, the present authors developed a simple
and reliable test for hysterical paralysis known as the Spinal
Injuries Center (SIC) test [21], This test showed that pa-
tients with severe organic paralysis were unable to keep the
knee in a lifted position, Notably, the greatest merit of the
test lies in not requiring the patient’s cooperation. The purpose
of the present study is to prospectively investigate the use-
fulness of the knee-up test for easy identification of
postoperative motor deficits in the very early stages of re-
covery using a modified version of the Spinal Injuries Center
test (ie, the knee-up test) to assess potential deficits follow-
ing spinal surgery.

Materials and methods
Study sample

The present study enrolled 544 consecutive patients with
spinal disorder who had been operated upon by a single
surgeon (IY) in the same institution between May 1, 2006
and May 31, 2015. The knee-up test was administered to pa-
tients after an anesthesiologist had determined that endotracheal
extubation was possible. Informed consent was obtained from
ail patients before enrocllment in the study, and the study was
approved by our local ethics committee. A precondition to
performing the “knee-up test” is that the knee can be lifted
up preoperatively on both sides; patients whose knees could
not be lifted preoperatively because of severe motor deficits
in the lower extremity were excluded from the study. However,
patients who could not bend the knee more than 100 degrees
because of hip- or knee-joint osteoarthritis (OA) were not ex-
cluded from this study. Six of the 544 patients were excluded
because of precperative inability to sustain the lifted posi-
tion as a result of severe paralysis. The remaining 538 patients
(324 men, 214 women) were selected for inclusicn in the final
sample (Fig. 1). The mean patient age was 63.9 years (range
16-89 years). The operated spinal region was broadly cat-
egorized as cervical (145 patients), thoracic (38 patients), or
lumbar or sacral (355 patients). The preoperative disease
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process was broadly categorized as degenerative, traumatic,
neoplastic, infectious, or other (Fig, 2).

Experimental test procedure

The knee-up test is performed as follows. The patient is
placed on a bed in the supine position, and the surgeon flexes
the patient’s hip to near 90 degrees while the knee is max-
imally flexed with the foot of the flexed leg on the table. The
surgeon then gradually releases without any intention of
keeping the knee in its lifted position (Fig. 3A and B). When
the patient is unable to maintain one or both knees in an upright
position, then the result is considered positive (Fig. 3C). When
the patient is able to maintain both knees in the upright po-
sition, then the result is considered negative (Fig. 3D). In the
present study, this test was performed twice, once by each
of two independent observers (1Y and MM) who were blinded
to the results obtained by the other observer. When the results
abtained by two observers disagreed, the result was classi-
fied as negative. It is better to examine the right and left sides
separately with this test because administering this test to both
legs at the same time risks twisting the waist (Fig. 3E). The
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544 eligible patient

6 patients excluded

All had severe motor
deficits preoperatively

h

Knee-up test performed
in 538 patients

h 4

Knee-up test was positive
in 17 patients

{ }

h 4

Knee-up test was negative
in 521 patients

! {

new-onsat motor deficit
In 16 patients

no meotor deficit
in 1 patient

new-onset motor deficit
in 2 patients

no motor deficit
In 519 patients

Fig. 1. Flow chart of the study.

knee-up test is performed just before the time of endotra-
cheal extubation, which is determined by an expert
anesthesiologist. The criteria for extubation are that the patient
can maintain a patent airway and generate adequate sponta-
neous ventilation. Generally, this requires the patient to possess
adequate level of the following: central inspiratory drive, cough
strength to clear secretions, laryngeal function, conscious-
ness (awake and oriented), stability of hemodynamic function,
clearance of sedative and neuromuscular blocking effects, and
respiratory muscle strength. The latter is defined as respira-
tory rate <35 breaths per minute during spontaneous breathing,
vital capacity >10 mL/kg of ideal body weight, and sponta-
neous exhaled minute ventilation <10 L/min [22].

100

The muscle function test procedure

Preoperative and postoperative Manual Muscle Testing was
performed by the attending surgeon, who was blinded to the
resuits of the knee-up test. The functional strength of each
muscle was graded on a six-point scale as follows: O=total
paralysis; 1=palpable or visible contraction; 2=active move-
ment with full range of motion (ROM), provided that gravity
is eliminated; 3=active movement with full ROM against
gravity; 4=active movement with full ROM against moder-
ate resistance; and S=(normal) active movement with full ROM
against gravity and sufficient resistance [23). For patients with
cervical-region disease, the following muscles were exam-
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Fig. 2. Bar graph showing distribution of preoperative disease processes for spinal operations, Numbers above the bars indicate the percentage of 544 pa-

tients undergoing spinal operations.
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Fig. 3. (A) The “knee-up test” placing the patient in a supine position. (B) The patient’s knee is raised passively on the bed. Then, the knee is released gently.
A key point of this test is to lift the knee until it is in maximally flexed. (C) When the patient is unable to maintain the knee upright, the knee-up test is
positive. Usually, the positive patient's leg comes to rest with the hip joint in an externally rotated position and the knee joint in a slightly extended position.
(D) When the patient is able to maintain the knee upright in both sides, the knee-up test is negative, (E) Applying the knee-up test to both legs at the same

time for a bilaterally positive patient may risk twisting the waist,

ined bilaterally and graded using the aforementioned scale:
shoulder abductors, elbow flexors, wrist extensors, finger
flexors, small-finger abductors, hip flexors, hip adductors, hip
abductors, knee extensors, ankle dorsiflexors, long-toe ex-
tensors, and ankle plantar flexors. For patients with thoracic
or lumbar or sacral-region disease, the following muscles were
examined bilaterally and graded as above: hip flexors, hip
adductors, hip abductors, knee extensors, ankle dorsiflexors,
long-toe extensors, and ankle plantar flexors. The Manual
Muscle Testing criteria for new-onset neurologic motor deficit
after spinal surgery consisted of motor weakness leading to
a decrease in score of at least two points compared with the
preoperative score in more than one muscle within 12 hours
after spinal surgery.

Methods of statistical comparison

The association between the presence of a new-onset motor
deficit and the results of the knee-up test was investigated. We
used Fisher exact test for categorical comparisons of the data
and a logistic regression analysis to calculate both the odds ratio
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and the 95% confidence interval. The sensitivity, specificity,
positive predictive value (PPV), and negative predictive value
(NPV) were also calculated. The kappa statistic was used to
assess the inter-observer agreement on the knee-up test, Sta-
tistical analyses were performed using the JMP 11 statistical
software package (SAS Institute Inc, Cary, NC, USA). A value
of p<.05 was considered to be statistically significant.

Results

Seventeen patients exhibited positive results when evalu-
ated using the knee-up test, whereas 521 patients exhibited
negative results. Sixteen of the patients with positive resuits
were determined to have new-onset motor deficits, whereas no
new-onset motor deficits were cbserved in the remaining patient.
Of the 521 patients with negative knee-up test results, only 2
were determined to have new-onset motor deficits, whereas no
new-onset motor deficits were observed in the remaining 519
patients (Fisher exact p<.0001; odds ratio, 4152; 95% confi-
dence interval, 357.8-48185.4) (Table 1). The sensitivity,
specificity, PPV, and NPV of this test for all cases were 88.89,
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Table 1
Relationship between the presence of postoperative new onset motor deficit
and knee-up test findings

The presence of postoperative new onset motor deficit

Yes No Total
Knee-up test positive 16 patients 1 patient 17 patients
Knee-up test negative 2 patients 519 patients 521 patients

Total 18 patients 520 patients 538 patients

Fisher exact p<.0001; odds ratio, 4152; 95% confidence interval, 357,8—
48185.4. The sensitivity, specificity, positive predictive value, and negative
predictive value of this test were 88,89, 95.81, 94.12, and 99.62, respectively.

99.81, 94.12, and 99.62, respectively. The kappa coefficient for
the knee-up test between observers was 0.91 (p<.0001).

Of the 18 patients with new-onset motor deficits, 16 ex-
hibited positive knee-up test results (Table 2). Interestingly,
patients whose lesions were below the L3-L4 level exhib-
ited positive knee-up test results when hip abductor function
had decreased by two points or fewer. However, two pa-
tients with normal hip abductor function exhibited negative
knee-up test results,

Patients with positive knee-up test results underwent de-
tailed neurologic examination immediately following
extubation, and MRI and CT scans were performed if deemed
necessary. The causative factors leading to the motor defi-
cits were as follows: damage caused by intraoperative
manipulation of neural tissue in 11 cases, epidural hema-
toma in 3 cases, insufficient decompression in 2 cases, bony
fragment in 1 case, and unknown cause in 1 case. All case
of epidural hematoma and one of insufficient decompres-
sion required immediate re-operation, following which
neurologic deteriorations fully recovered.

One patient with intramedullary thoracic spinal cord tamor
exhibited a false-positive result on the knee-up test. This patient
had completely lost position sensation after tumor resection
but had no postoperative motor weakness.

Discussion

Many patients with new-onset major neuroclogic deficit
require further surgical procedures [2,3,5~7,11,12], Early di-
agnosis of such deficits following spinal surgery may allow
enough time for MRI and CT evaluation and prompt deci-
sions regarding re-operation [5,9].

The use of electrophysiological monitoring for neuro-
logic safety during spinal surgery has become widespread.
Efficacy requires multimodal monitoring, associating so-
matosensory evoked potentials to motor potentials evoked by
transcranial stimulation [8,17,24]. Despite the usefulness of
multimodal monitoring, it is not applied to all cases of spinal
surgery. Hamilton et al. [18] reported that neuromonitoring
was used in 65% of 108,419 operative cases from 2004 to
2007, However, the sensitivity and PPV for neuromonitoring
with regard to new-onset neurologic complication were sur-
prisingly low (sensitivity, 0.43; PPV, 0.21).
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In any case, neurologic examination upon awakening is
mandatory for detecting new-onset neurologic motor deficit.
However, some patients may not be able to cooperate with
the physician in performing the neurologic examination
because of age, language barriers, or mental status [17]. The
absence of deep tendon reflexes secondary to spinal shock
provides good indication for the onset of new motor defi-
cits. However, 46% (n=247) of the 538 patients included in
the present study exhibited preoperative areflexia, so evalu-
ation of postoperative areflexia is not always useful for
detecting new-onset motor deficits. Moreover, three pa-
tients with incomplete spinal cord damage exhibited no signs
of areflexia.

‘What are the key muscles for keeping the knee in its lifted
position? We re-analyzed the 96 legs of the 48 patients re-
ported in our previous article confirmed to have myelomalacia
[21]. All legs were evaluated on their ability to maintain the
knee in an upright position, and the relationship of this result
with the strength of each leg muscle was analyzed using a
multiple logistic regression model. According to these results,
hip flexors, hip adductors, and hip abductors were the sta-
tistically significant muscles for keeping the knee in its lifted
position (Table 3). Anatomically, the hip flexors are inner-
vated by the I.1-1.4 nerve roots, whereas the hip adductors
are innervated by the L2-1.4 nerve roots, and the hip abduc-
tors are innervated by the L4-52 nerve roots (25], indicating
that results of the knee-up test may be infiuenced by dys-
function of nerve roots L1-52. Because of the aforementioned
anatomical features, it may be possible to identify severe new-
onset motor deficits below the level of L3-L4. However, when
the patient had motor weakness in muscles unrelated to these
hip functions, the knee-up test could not detect new-onset
motor deficit. This is a limitation of the knee-up test. A second
limitation is that patients with severe joint OA who cannot
lift the knee into an upright position will seem to have dif-
ficulty maintaining the knee-up position. Disagreement over
the results occurred in two patients with severe knee QA; thus,
it is necessary to evaluate the results of the test carefuily. A
third limitation is that the knee-up test is not applicable to
patients with severe paralysis who are unable to preopera-
tively lift both knees—a precondition for performing the knee-
up test.

Although the knee-up test presents an easy method for de-
tecting new-onset postoperative motor deficits without the
patient’s cooperation, the exact time frame for performing the
test is of little importance. Garreau de Loubresse [24] em-
phasizes the importance of repetition of the neurologic
examination by a co-medical care staff who should be alerted
in case of any change in motor parameters. For the co-
medical staff, the knee-up test upon awakening is not only
very easy to perform without the patient’s cooperation but
is also easy to evaluate.

There are several possible limitations associated with
this study. First, the sample size was relatively small.
Second, the knee-up test was performed at a single institu-
tion. Finally, despite the fact that this test was performed
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Table 3
Multiple logistic regression by combined muscle functions for keeping the
knee in its lifted position in organic paralysis patients

Combined muscl 95% Confidence
e functions p Odds ratio interval
Hip flexors 0.0355* 284 1.18-162506
Hip adductors 0.0168* 3754 1.75-37852
Hip abductors 0.0424* 432 1.08-11666191
Knee extensors 0.6678 0.53 0.001-4.98
Ankle dorsiflexors 0.3550 0.36 0.0009-2.56
Ankle plantar flexors 0.1383 .01 0.0001-2.06

* p<.008,

after an anesthesiologist had judged that endotracheal extu-
bation was possible, peripheral nerve stimulators with train-
of-four ratio were not routinely used for confirmation of
complete disappearance of neuromuscular block at the time
of examination. Despite these limitations, we have estab-
lished that the knee-up test is very easy to perform and can
alert the surgeon or physician to the outbreak of postopera-
tive motor deficits with high statistical power at very early
stages. In addition, this test is useful for evalnating patients
with impaired hearing or advanced age, who may find it
difficult to voluntarily coordinate their movements with
instructions from the physician.

In conclusion, the sensitivity, specificity, PPV, and NPV
of the knee-up test were 88.89, 99.81, 94.12, and 99.62, re-
spectively. When patients cannot maintain the knee in a lifted-
up position upon awakening, the surgeon must correct their
neurologic condition after the operation. On the other hand,
when patients can maintain the knee-up position, in over 39%
of cases, they have no severe motor deficit.
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Morphologic Evaluation of Lumbosacral Nerve
Roots in the Vertebral Foramen

Measurement of Local Pressure of the Intervertebral Foramen

Yuichiro Morishita, MD, PhD, Muneaki Masuda, MD, Takeshi Maeda, MD, PhD,
Takayoshi Ueta, MD, PhD, and Keiichiro Shiba, MD, PhD

Study Design: The prospective cohort study.

Objective of the Study: The objective was to evaluate the rela-
tionships between local pressure changes of the intervertebral
foramen during lumbar spine extension and lumbar foraminal
morphology.

Summary of Background Data: The physiological states of
lumbosacral nerve roots in the vertebral foramen remain con-
troversial.

Methods: We evaluated 56 lumbosacral vertebral foramens in 21
patients with Ld-degenerative spondylolisthesis, All patients
underwent L4-5 posterolateral fusion (PLF). The local pressure
of the intervertebral foramen was measured intraoperatively,
and measurement was performed before and after L4-5 PLF.
We defined the changes in the ratio of local pressure between
lumbar flexion to extension as percent pressure. The sagittal
angular motion, distance between the inferior cortex of the
cranial pedicle and superior cortex of the caudal pedicle, post-
erosuperior margin of the superior vertebral body and superior
articular facet, posteroinferior edge of the superior vertebral
body and inferior articular facet, and the intervertebral disc
height were measured using preoperative functional plain ra-
diographs and CT images.

Results: The average local pressure of the intervertebral foramen
significantly increased during lumbar extension. However, the
L4-5 vertebral foraminal pressure after PLF were nearly iden-
tical. There was no significant correlation between percent
pressure and lumbar range of motion. Furthermore, there were
no significant correlations between percent pressure and each
morphologic parameter of the lumbar foramen.

Conclusions: There were no significant relationships between the
lumbar foraminal morphology and intervertebral foraminal
pressure changes during lumbar extension, and L4-5 vertebral
foraminal pressure was not affected by the lumbar posture after
L4-5 posterior fusion. On the basis of the results, the external
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dynamic stresses on the nerve roots in the vertebral foramen
might be improved by lumbar posterior fusion using in-
strumentation without direct decompression of the vertebral
foramen.

Key Words: local pressure of the intervertebral foramen, percent
pressure, morphology of lumbar foramen, lumbar range of
motion, intervertebral disc height, posterolateral fusion, lum-
bosacral nerve root, L4-degenerative spondylolisthesis, vertebral
foramen, foraminal stenosis

(Clin Spine Surg 2016;00:000-000)

he anatomic boundaries of the intervertebral foramen

consist of the adjacent vertebral pedicles superiorly
and inferiorly, postercinferior margin of the superior
vertebral body, the infervertebral disc, the poster-
osuperior vertebral notch of the inferior vertebral body
anteriorly, and the ligamentum flavum and superior and
inferior articular facets posteriorly.! In addition, trans-
foraminal or intraforaminal ligaments are present in the
inferior aspect of the foramen.”? The geometry of the
lumbar foramen has been described as an oval, round, or
inverted teardrop-shaped window in the lateral aspect of
the lumbar spine.*

The lumbosacral nerve roots traverse through the
lateral canal after originating from the thecal sac. The
existing nerve root and dorsal root ganglion (DRG), of-
ten located in the superior and anterior region of the
foramen or subpedicular notch, are surrounded by fat
and radicular vessels. The location of the DRG can vary;
it can be intraforaminal or intraspinal in the lumbosacral
spine.>® The S1 DRG, found in a more cephalad or in-
traspinal location, is larger than the lwnbar DRG. The
14 and L5 DRG are more commonly located intra-
foraminally.>® The spatial relation of the DRG in the
lumbar foramen is a clinically important concept to un-
derstand because of its association with lumbar sympto-
matology.

There are numerous studies regarding the anatomic
or morphologic evalvation of the lumbar foramen.
However, to the best of our knowledge, the physiological
state of lnmbosacral nerve roots in the vertebral foramen
has been described in only a few reports. We previously
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reported that the local pressure of the intervertebral
foramen significantly increased during lumbar spine ex-
tension.™® Furthermore, the electrophysiological values
of the L5 nerve roots, as evaluated from the compound
muscle activation potentials from the tibialis anterior
muscle after LS nerve root stimulation, deteriorated with
the increasing local pressure of the L5-S intervertebral
foramen.®® The local pressure of the intervertebral fora-
men reflected the electrophysiological values of the spinal
nerve roots in the vertebral foramen. The objective of this
current study was to determine the relationships between
local pressure changes of the intervertebral foramen
during lumbar spine extension and humbar foraminal
morphology.

MATERIALS AND METHODS

Measurement of the Local Pressure of the
Intervertebral Foramen?-?

A total of 21 L4-degenerative spondylolisthesis pa-
tients with lumbar spinal canal stenosis at the L4-5 and/or
13-4 segments (8 men and 13 women; average age, 66.0y;
age range, 47-79 y) were included in the study. The fol-
lowing subjects were excluded from the study: patients
diagnosed as having isthmic spondylolisthesis, obvious
foraminal stenosis on magnetic resonance imaging or re-
sponsible lesion in the intravertebral or extravertebral
foramen, or Meyerding!® grade of degenerative spondy-
lolisthesis > II. Fifty-six lumbosacral vertebral foramens,
including 26 L4-5 and 30 L5-8 vertebral foramens, were
finally evaluated.

All patients underwent L4-5 andfor L3-4 bilateral
laminotomy with L4-5 posterolateral fusion (PLF) using
instrumentation. The operation was performed with the
patients under general anesthesia and placed in the prone
position with both hip joints in flexion.

A micro-tip 5F flexible catheter transducer (MPC-
500, Millar Instruments Inc., TX) was used as a pressure
transducer, Before measuring the pressure, the tip of the
catheier transducer was placed in saline at' a constant
temperature of 37°C for 30 minutes. Zero balancing of the
transducer was performed after a few minutes after tem-
perature equilibrinm was reached. Before recording, the
output signals of the pressure measurement equipment
were calibrated.

Intraoperatively, after L4-5 andfor L3-4 bilateral
laminotomy, the pedicle screws were inserted into L4 and
L5 pedicles bilaterally. For the subjects treated with
laminotomy at both L4-5 and L3-4 segments, the L4-5
and L5-5 vertebral foraminal pressures were measured.
Although for the subjects treated with laminotomy at
only L4-5 segment, the L5-S vertebral foraminal pressure
was measured. The catheter transducer was inserted from
the decompressed segments (1.3-4 or L4-5) into the caudal
vertebral foramen (L4-5 or L5-81), and the tip of the
catheter transducer was placed just below the pedicle in
the vertebral foramen (pedicle zone in the vertebral
foramen}) dorsal to the spinal nerve root. The local pres-
sure was continuously measured while the lumbar spine
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FIGURE 1. The vertical and sagittal dimensions of the lumbar
foramen. (1) The distance between inferior cortex of the cra-
nial pedicle and superior cortex of the caudal pedicle. (2} The
distance between posterior margin of the superior vertebral
body and superior articular facet. (3) The distance between
posterior edge of the superior vertebral body and inferior ar-
ticular facet. (4) The distance between posterior margins of
the disc height.

postures were changed. Two different postures, include
lumbar spine flexion and extension, were studied, and
each posture was maintained for 10 seconds. The meas-
urements were performed before and after L4-5 internal
fixation. The pressure levels showed a waveform with
respiratory pulsation and we estimated the average values
to be the intermediate value of the wave. The changes in
the ratio of the local pressure of the intervertebral fora-
men between lumbar spine flexion and extension was
calculated as a percent pressure (%) = {(local pressure
with extension—Ilocal pressure with neutral)/(local pres-
sure with neutrai)} x 100.

Institutional Review Board approval was granted
and informed consent was obtained from all patients.

TABLE 1. The Average Values of Local Pressure of L4-5
Vertebral Foramen

Neutral Extension % Pressure
Before fixation 33.82 £ 1585 *** 5607 £23 79.66 = 69.18
*ok
After fixation 40.37 41921 NS 4232+ 18.72 7.07+£10.2

N8 indicates not significant.
*4xp < 0.001.
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TABLE 2. The Average Values of Local Pressure of L5-$
Vertebral Foramen

Neutral Extension % Pressure
Before fixation 2541 £ 17.8  *** 4973 +28.05 138.05 £ 159.34
NS
After fixation 2507 = 16.83 *** 5496 34.24 153.82 + 205.5

NS indicates not significant.
e p < 0.001.

Lumbar Spine Range of Motion (ROM)

Using functional plain radiographs in the sagittal
plane, the sagittal angular motion from lumbar spine
flexion to extension was measured with the Cobb tech-
nique (angle between superior and inferior vertebral
endplate) at the L4-5 or L5-8 segment.

Morphometric Measurement of the Lumbar
Foramen

The vertical and sagittal dimensions of the lumbar
foramen were measured with the preoperative parasagittal
CT images at the middie of the pedicle. We conducted the
following 4 measurement: the distance between the (1)
inferior cortex of the cranial pedicle and superior cortex of
the caudal pedicle, (2) posterosuperior margin of the su-
perior vertebral body and superior articular facet, and (3)
posteroinferior edge of the superior vertebral body and
inferior articular facet; and the (4) intervertebral disc
height at the posterior margin of the disc height (Fig. 1).

Statistical Analysis

The Mann-Whitney U test and Pearson correlation
coefficient were used for statistical analyses. A P-value of
<0.05 was considered statistically significant.

RESULTS

Local Pressure of the Intervertebral Foramen

The average local pressures of the intervertebral
foramen (n = 56; including 26 L4-5 and 30 L5-S fora-
mens) with lumbar spine flexion and extension before L4-
5 PLF were 29.31 £ 17.3mm Hg and 53.68 + 25.8 mm
Hg, respectively. The average local pressure significantly
increased during lumbar spine extension (# < 0.001). The
percent pressure was 110.94% £ 128.16%.

The average local pressures of the intervertebral
foramen at the L4-5 segment are shown in Table 1. The
local pressures of the intervertebral foramen significantly
increased during lumbar spine extension before 14-5
PLF, but were nearly identical after PLF. The percent
pressure before and after 1L4-5 PLF was significantly
different.

The average local pressures of the intervertebral
foramen at the L3-S segment are shown in Table 2. The
local pressures of the intervertebral foramen, both before
and after L4-5 PLF, significantly increased during lumbar
spine extension. The percent pressure was not sig-
nificantly different between before and after L4-5 PLE;
however, the percent pressure after PLF tended to be
higher than that obtained before PLF,

Lumbar Spine ROM

The average value of the sagittal angular motion
from lumbar spine flexion to extension was 5.17 £ 4.11
degrees. There was no significant correlation between the
percent pressure and lumbar ROM (P = 0.42, r = 0.11;
Fig. 2).

Morphometric Analysis of the Lumbar Foramen
The average distance between the inferior cortex of
the cranial pedicle and superior cortex of the caudal
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FIGURE 2. No significant correlation was observed between the percent pressure and lumbar range of motion,
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FIGURE 3. No significant correlation was observed between the percent pressure and the distance between inferior cortex of the

cranial pedicle and superior cortex of the caudal pedicle.

pedicle, posterosuperior margin of the superior vertebral
body and superior articular facet, and posteroinferior
edge of the superior vertebral body and inferior articular
facet were 8.62 £ 1.89, 14.91 £ 1.59, and 7.98 = 2.86 mm,
respectively. The average value of intervertebral disc
height was 3.84 & 1.49mm. There were no significant
correlations between the percent pressure and each mor-

phologic parameter of the lumbar foraminen (P = 0.2,
= =017, P=036, r=-013; P=0.14, r= —-0.2;
P =024, r = —0.16; respectively; Figs. 3-6).

DISCUSSION
The foraminal height and width varies from 15.9 to
18.0mm and from 5.0 to 7.2 mm, respectively,!! and the
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FIGURE 4. No significant correlation was observed between the percent pressure and the distance between posterior margin of

the superior vertebral body and superior articular facet.
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FIGURE 5. No significant correlation was observed between the percent pressure and the distance between posterior edge of the

superior vertebral body and inferior articular facet.

cross-sectional area vary from 40 to 160mm?* The de-
velopment of foraminal stenosis is related to the process
of lumbar spondylosis. Hasegawa et all? reported that
critical dimensions of foraminal stenosis are 4 mm or less
for the posterior disc height and 15mm or less for the
foraminal height. However, in our results, posterior disc
height was 3.84 £ 1.49mm and foraminal height (dis-
tance between the inferior cortex of the cranial pedicle
and superior cortex of the caudal pedicle) was
8.62 £ 1.89mm; none of the subjects showed obvious

distanee (num}
w

foraminal stenosis on the images or responsible lesion in
the intravertebral or extravertebral foramen. We presume
that the bony foraminal stenosis on the images may not
directly reflect the clinical symptomatology.
Mayoux-Benhamou et al'3 reported that all diam-
eters of the lumbar vertebral foramens decreased as the
spine moved from flexion to extension. Inufusa et all4
also showed that the cross-sectional area of the vertebral
foramen increased by 12% during flexion and decreased
by 15% during extension. The lumbosacral nerve roots
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FIGURE 6. No significant correlation was observed between the percent pressure and the disc height.
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normally occupy ~30% of the available foraminal
area.!> According to our findings, the local pressure of the
intervertebral foramen significantly increased during
lumbar spine extension. Moreover, the local pressure of
the intervertebral foramen reflected the electro-
physiological values of the spinal nerve roots in the ver-
tebral foramen in our previous published study.3?
According to these results, the spatial volume of the spi-
nal nerve root in the vertebral foramen may increase
relatively to the decreasing the capacity of the veriebral
foramen during lumbar spine extension, and the external
dynamic stresses on the spinal nerve root in the vertebral
foramen may increase during lumbar spine extension.

The genesis of neurological intermittent claudication
in lumbar spinal canal stenosis might be greatly affected by
dynamic changes in the local pressure of the intervertebral
foramen due to lumbar motion, rather than the static local
pressure with each lumbar posture.’ According to the
current results, there were no significant relationships be-
tween the morphology of lumbar foramen and local pres-
sure changes of the interveriebral foramen between lumbar
spine flexion and extension, and the L4-5 vertebral fora-
minal pressure was not affected by the lumbar posture after
L4-5 posterior fusion, Although the lmnbar interbody fu-
sion (posterior or transforaminal) may have advantages in
postoperative bony union or certain decompression,
abundant intraoperative or postoperative hemorrhage and
postoperative infection may be suspected due to curettage
of the intervertebral discs and insert the foreign substance
in the intervertebral disc space. On the basis of the results,
the external dynamic stresses on the nerve roots in the
vertebral foramen might be improved by lumbar posterior
fusion using instrumentation without direct decompression
of the vertebral foramen.

Some issues remain unaddressed in the current
study. Subjects with obvious foraminal stenosis based on
the images or clinical symptoms were not discussed in the
study. Therefore, the current investigation can be con-
sidered as a pilot study, and further research using a
larger patient population may help to resolve several
unclear issues in this study. Moreover, the physiclogical
states of the pathologic condition of the lumbosacral

6 | www.dlinicalspinesurgery.com

nerve roots in the vertebral foramen should be clarified in
more detail.
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Kinematic Effects of Cervical Laminoplasty for Cervical
Spondylotic Myelopathy on the Occipitoatlantoaxial
junction
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Takeshi Maeda MD, PhD,j Charles-Henri Flouzat-Lachaniette, MD,*
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Study Design: A retrospective evaluation of sagittal angular
motion from cervical spinal flexion to extension.

Objective: To evaluate the kinematic effects of cervical lam-
inoplasty for cervical spondylotic myelopathy (CSM) on the
occipitoatlantoaxial junction.

Summary of Background Data: The kinematic effects of cervical
laminoplasty for CSM on the occipitoatlantoaxial junction re-
main controversial,

Methods: A total of 65 CSM patients who were treated with
cervical laminoplasty ranging from the C3 to C7 vertebrae were
included in the study. After surgery, all patients wore a Phila-
delphia collar for the first week and began cervical range of
motion exercises as soon as possible. Functional plain radio-
graphs were obtained preoperatively and at 1 and 3 years
postoperatively. Sagittal angular motion from cervical spinal
flexion to extension was measured using the Cobb technique
at 7 cervical segments (Oc-Cl, C1-C2, C2-C3, C3-C4, C4-C5,
C5-C6, and C6-C7). We defined the contribution of each seg-
ment’s mobility to the total angular mobility of the cervical
spine as percent segmental mobility.

Results: Total cervical angular mobility significantly decreased
after cervical laminoplasty. There were no significant differences
in Oc-C2 angular mobility; however, C2-C7 angular mobility
had significantly decreased by 3 years postoperatively. No sig-
nificant differences in percent segmental mobility were observed
at 1 year postoperatively except at the C3-C4 segment. By 3
years postoperatively, percent mobility at the Oc—C1 and C1-C2
segments had significantly increased, whereas that at the C3-C4
and C5-C6 segments had significantly decreased.

Conclusions: Our results suggest that, although the contribution
of occipitoatlantoaxial junctional mobility to total cervical
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mobility increases, dynamic mechanical stress to the occipi-
toatlantoaxial junction does not increase following lam-
inoplasty, and no adjacent segmental disorder at the
occipitoatlantoaxial junction was observed within 3 years post-
operatively. We hypothesized that early removal of the cevvical
collar and early cervical range of motion exercises may con-
tribute to these kinematic changes.

Key Words: cervical spondylotic myelopathy, cervical lam-
inoplasty, cervical spine, occipitoatlantoaxial junction, sagittal
angular motion, percent segmental mobility, functional plain
radiographs, kinematic evaluation, Oc-C2, C2-C7

(Clin Spine Surg 2016;00:000-000)

Cervical spondylotic myelopathy (CSM) is the devel-
opment of long-tract signs secondary to degenerative
changes in the cervical spinal column. CSM is the most
common cause of myelopathy in patients older than 50
years of age. A careful evaluation of the patient’s history
and physical examination allow early diagnosis and
treatment and can prevent neurological deterioration,
leading to optimal clinical outcomes,

There are many surgical procedures for addressing
multilevel cervical compressive myelopathy. Posterior
cervical decompression with laminectomy effectively de-
compresses the spinal cord in patients with multilevel
spondylosis, ossification of the posterior longitudinal
ligament, or developmental canal stenosis. However,
complications of laminectomy, including postoperative
segmental instability, progressive kyphotic deformity,
formation of a postlaminectomy membrane, perineural
adhesions, and late neurological deterioration have been
identified.’ Cervical laminoplasty is considered to be an
alternative to laminectomy and is intended to decompress
the spinal cord while preserving the posterior elements of
the vertebra.

Numerous experimental studies have resported the
kinematic effects of cervical laminoplasty.»™!3 However,
to the best of our knowledge, few reports have thus far
referred to the kinematic effects of cervical laminoplasty
on the occipitoatlantoaxial junction. In the current study,
we evaluated the kinematic changes in cervical mobility
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following cervical laminoplasty at 1 and 3 years post-
operatively. The purpose of this retrospective clinical
study was to elucidate the kinematic effects of cervical
laminoplasty on the occipitoatlantoaxial junction.

MATERIALS AND METHODS

Study Population

From January 2007 to December 2011, a total of
394 patients with CSM (266 males and 128 females) with
an average age of 76.0 years (range, 34-89y) underwent
surgical posterior decompression by senior spine sur-
geons. All patients showed cervical cord intramedullary
intensity changes on magnetic resonance T2-weighted
images and demonstrated long-tract signs, such as finger
fine motion disturbance, gait disturbance, and hyper-
reflexia of the deep tendons in the lower limbs. Exclusion
criteria included the following: continucus ossification of
the posterior longitudinal ligament at multiple segments,
history of rheumatoid arthritis or cerebral palsy, and
history of cervical surgery before or after the cervical
laminoplasty. After exclusion, 65 patients (47 males and
18 females) with an average age of 69.2 years (range,
38-89y) who were treated by means of cervical lam-
inoplasty ranging from the C3 to the C7 vertebrae (in-
cluding C7 dome osteotomy) were included in this study
and were radiologically followed for 3 years post-
operatively.

The study was approved by our Institutional
Review Board, and informed consent was obtained from
all patients.

Surgical Treatment: Cervical Laminoplasty and
Postoperative Therapy

All patients underwent French-door cervical lam-
inoplasty at the C3-C7 level.'* The semispinalis cervicis
muscles were preserved without detachment from the
axis. A threadwire saw was used to perform the sagittal
split in the spinous process, and hydroxyapatite blocks
were placed as struts to maintain the patency of the
hinged hemilaminae (Fig. 1).1

After surgery, all patients wore a Philadelphia collar
for 1 week. Cervical range of motion (ROM) exercises
were performed immediately after collar removal without
causing any discomfort.

Measurement of Cervical Kinematics

For all patients, functional plain sagittal radio-
graphs were obtained preoperatively and at 1 and 3 years
postoperatively. Sagittal angular motion from cervical
spinal flexion to extension was measured with the Cobb
technique for each segment at 7 cervical segments: Oc—CI,
the angle between the line from the basion to the opis-
thion (Oc) and the line from the anterior to the posterior
tubercle of the inferior margin of Cl1 (Cl); C1-C2,
the angle between Cl and the inferior C2 endplate; and
C2-C3, C3-C4, C4-C5, C5-C6, and C6-C7, the angle
between the inferior vertebral endplate of the superior
vertebral body and the superior vertebral endplate of the
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FIGURE 1. French-door cervical faminoplasty at C3~Cé and
C7 dome osteotomy. The hydroxyapatite blocks were placed
as a strut to maintain the patency of the hinged hemilaminae.

inferior vertebral body (Fig. 2). We defined the total
sagittal motion of the cervical spine as the absolute total
of the individual sagittal angular motions (Oc~C1+ Cl-
C2+C2-C3+C3-C4+C4-C5+ C5-C6+ C6-C7) in de-
grees, and the contribution of each segment’s mobility to
the total angular mobility of the cervical spine was de-
fined as the percent segmental mobility (%) {(sagittal
angular motion of each segment in degrees)/(total sagittal
angular motion in degrees) x 100].

Statistical Analysis

The Mann-Whitney U test was used for all sta-
tistical analyses. A P-value of <0.05 was considered
statistically significant.

RESULTS

Table 1 shows the mean total (Oc—C7), Oc—C2, and
C2-C7 cervical angular mobility preoperatively and at 1
and 3 years postoperatively. The total cervical angular
mobility significantly decreased after cervical lam-
inoplasty. With respect to Oc—C2 angular mobility, there
were no significant differences at 3 years postoperatively.
In contrast, with respect to C2-C7 angular mobility,
significant decreases were seen at 3 years postoperatively.

Table 2 shows the mean percent segmental mobility
for each segment preoperatively and at 1 and 3 years
postoperatively. There were no significant differences
between preoperative values and those observed 1 year
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FIGURE 2. The sagittal angular motion through cervical spine flexion to extension was measured with the Cobb technique for

each segment at seven cervical segments,

postoperatively, except for percent mobility at the C3-C4
segment. In a comparison of preoperative values and
those at 3 years postoperatively, percent mobility at the
Oc—Cl and C1-C2 segments significantly increased,
whereas percent mobility at the C3-C4 and C5-C6 seg-
ments significantly decreased.

DISCUSSION

Cervical laminoplasty has been widely performed
with good results in patients with multilevel cervical
myeloradiculopathy.”!¢-1% Cervical laminoplasty ideally
avoids postoperative instability or the need for fusion at
multiple levels. Commonly used types of laminoplasty
include the expansive open-door technique,'®2? in which
the arch is opened on omne side and hinged on the
contralateral side, and the French-door technique,!* in
which the laminae are opened in the midline and bi-
laterally hinged.

Several studies have described a reduction of cer-
vical (C2-C7) sagittal mobility after cervical lam-
inoplasty.”!" Loss of lordosis occurs after laminoplasty
in 10%-50% of patients, and cervical ROM usually
continues to diminish up to 18 months postoperatively.?!
Some authors have reported a relationship between cer-
vical ROM and cervical posterior deep nuchal muscle
atrophy after laminoplasty.?2~2* Fujishima and Nishi?
reported that the volume of postoperative posterior deep
nuchal muscle decreased to <60% of the preoperative
muscle volume evaluated with computed tomography.
Seichi et al’ and Chiba et al® reported that the patients
wore a cervical collar for 8-20 weeks after surgery, and
postoperative cervical mobility at C2-C7 after lam-
inoplasty was restricted to 22%-32% of preoperative
cervical mobility. We believe that there is no absolute
necessity of postoperative external fixation after cervical
laminoplasty. We used cervical collar mainly for the

TABLE 1. The Average Values of Cervical Angular Mobility at Preoperatively, 1 Year, and 3 Years Postoperatively

Angular Mobility (deg.)

Total Oc-C2 C2-C7
Preoperativet 49,75 £ 10.57* 19.85 & 7.05 (NS) 31.19 & 9.84*
Postoperative 1 yf 4543 £ 11.5%* 19.66 = 7.25 (NS) 25.49 £ 10.09***
Postoperative 3y 44.08 + 12.17 21374+ 6.73 22,62+ 11.26

The Mann-Whitney U test.

*P < 0.05,

»p < (.01,

**++p < 0.001.

tCompared with preoperative and postoperative | year,
}Compared with preoperative and postoperative 3 years.
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22 management of postoperative neck pain for 1 week after
Olaoe surgery. In our study, the C2-C7 sagittal angular mobility
N R significantly decreased within 3 years postoperatively;
§ HHa however, >70% of the preoperative cervical mobility was
00 preserved during the first 3 years postoperatively, and
- most patients did not complain of a limitation in activities
of daily living accompanying reduced cervical mobility.
o We presume that early removal of the cervical collar and
| &3 early cervical ROM exercises prevented contraction of the
Viada facet joint and postoperative atrophy and dysfunction of
é :‘;: the extensor musculature of the cervical spine.
R mme With respect to postoperative QOc-C2 mobility,
L Chiba et al® reported that the average sagittal mobility
slightly increased from 22 to 28 degrees in patients with
CSM. They discussed that the severe reduction (32%) of
B C2-C7 sagittal mobility due to laminar fusions were
n 52 compensated to some degree by the increase in sagittal
5 ﬁ §$E mobility of the upper cervical spine, resulting in only
-% Ulwxa mlnor disturbances in activities of daily living. Hayashi
@ e et al?’ demonstrated that the Oc—C1 segment of the upper
§- 9 =2 cervical spine plays an important role in compensating for
gl decreased sagittal subaxial cervical spinal motion. In our
2 ::';' . study, preoperative Oc—C2 angular mobility was 19.85
§ E° «| B E degrees, v:hich rte.ma;meg/ ahﬁmst fer;tic;ltgv::rdthe tﬁrstth3
Zlol=<s years postoperatively. We hypothesized that due to the
‘-E g Al e relativelzll?reserved C2-C7 sa%ittal mobilit()i!, colllnpensa-
s |E R F8R tory_mo ility changes may not have occurred at the upper
=& Tag cervical spine.
3_’ u The cervical angular mobility for each segment is
—|B unreliable for evaluating a patient’s cervical kinematics
= A %‘2 because these values depend on the patient’s condition,
.% o 5 o tli:at 1sﬂ axnaltp'abm,. ora fradKﬁIoglst.. Tlherefore, we b?;&l\;e
B PR that the contribution of each cervical segment’s mobility
§- E\;‘ HH% to the total mobility of th_e cervical s_pine is the' most re-
2 1528 liable method for evaluating the patient’s cervical kine-
= = matics. In our results, only percent segmental mobility at
=, the C3-C4 segment significantly decreased during the first
% o postopqrative year. Cervical kinematics were not affected
§ «| 25 P by cervical laminoplasty at _1 year postoperatively. How-
5| [958 e 1 3 Jear posopatively, et ssgnenal mo
o O ity at the C3-C4 an L0 segments had significan
g § §§§ ) decreased, and that at the Oc—Cl and C1-C2 segments
o - g =& had significantly increased. Therefore, there may be no
gl falay compensatory mobility changes but rather compensatory
E g kinematic changes that occur at the occipitoatlantoaxial
5 %‘ iE junction. Our results suggest that although the contrib-
ol B S R T 8e ution of occipitoatlantoaxial junctional mobility to total
° % Rk g3 cervical mobility increases, dynamic mechanical stresses
o Ol W ah Ek: to the occipitoatlantoaxial junction do not increase, and
5 Sle =y g no adjacent segmental disorder at the occipitoatlantoaxial
© gegl g 5 junction was observed within 3 years postoperatively. We
g 5 28 hypothesized that early removal of the cervical collar and
S 5 EE early cervical ROM exercise may have contributed to
< |2 ZE these kinematic changes.
& .,Gg'é = Y= Pepa Certain issues remain unaddressed in the current
~ 525|888 5% study. Our study only addressed the radiographic factors
w S838 E vy EE during a mid-term postoperative period and did not ad-
2 g22|rrti R dress clinical symptoms. Therefore, using the current in-
[ EEA vestigation as a pilot study, further research using a larger
4| www.clinicalspinesurgery.com Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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patient population and longer-term follow-up may re-
solve several remaining unclear issues. Moreover, the
kinematic effects of cervical laminoplasty on the occipi-
toatlantoaxial junction need to be clarified in greater
detail.
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Abstract

Lumbar spinal canal stenosis (LSCS) is one of the most common spinal disorders in elderly
people, with the number of LSCS patients increasing due to the aging of the population. The
ligamentum flavum (LF} is a spinal ligament located in the interior of the vertebral canal, and
hypertrophy of the LF, which causes the direct compression of the nerve roots and/or cauda
equine, is a major cause of LSCS. Although there have been previous studies on LF hyper-
trophy, its pathomechanism remains unclear. The purpose of this study is to establish a rele-
vant mouse model of LF hypertrophy and to examine disease-related factors. First, we
focused on mechanical stress and developed a loading device for applying consecutive
mechanical flexion-extension stress to the mouse LF. After 12 weeks of mechanical stress
loading, we found that the LF thickness in the stress group was significantly increased in
comparison o the control group. In addition, there were significant increases in the area of
collagen fibers, the number of LF cells, and the gene expression of several fibrosis-related
factors. However, in this mecnanical stress model, there was no macrophage infiltration,
angiogenesis, orincrease in the expression of transforming growth factor-g1 (TGF-B1),
which are characteristic features of LF hypertrophy in LSCS patients. We therefore exam-
ined the influence of infiltrating macrophages on LF hypertrophy. After inducing macrophage
infiltration by micro-injury to the mouse LF, we found excessive collagen synthesis in the
injured site with the increased TGF-B1 expression at 2 weeks after injury, and further con-
firmed LF hypertrophy at 6 weeks after injury. Our findings demonstrate that mechanical
stress is a causative factor for LF hypertrophy and strongly suggest the importance of mac-

rophage infiltration in the progression of LF hypertrophy via the stimulation of collagen
production.
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!ntroduction

Lumbar spinal canal stenosis (LSCS) is a common spinal disorder in elder people. There are
approximately 250,000 to 500,000 LSCS patients in the United States, with the number increas-
ing due to the aging of the population [1]. LSCS causes lower back pain, leg pain, and claudica-
tion, leading to severe disability in the activities of daily living [2). These symptoms primarily
result from the hypertrophy of the ligamentumn flavum (LF). The LF is a spinal ligament that cov-
ers most of the posterior and lateral parts of the spinal canal. Thus, hypertrophy of LF directly
compresses the nerve roots and/or cauda equine, resulting in spinal disorders [3]. Although
there have been several studies about LF hypertrophy, its pathomechanism remains unclear.

In previous studies, only human samples have been used due to the lack of a relevant animal
model. A limitation of these studies was the difficulty in observing the gradual process of LF
hypertrophy because the hypertrophied LF obtained from LSCS patients already showed
advanced histological changes; the loss of elastic fibers and an excessive accumulation of colla-
gen fibers [4,5]. Molecular expression changes were also observed in human hypertrophied
LF, such as transforming growth factor-B1 (TGF-p1) [6], connective-tissue growth factor
(CTGF) [7] and platelet-derived growth factor (PDGF) [8], which are related to collagen pro-
duction [9-11]. However, whether such factors are cansative or merely a consequence of LF
hypertrophy remains unknown. Therefore, basic research using an experimental animal
medel is necessary to elucidate its eticlogy.

Various possible factors for LF hypertrophy have been considered, such as age, activity level,
genetic components, and mechanical stress [12-14]. Among them, we focused on mechanical
stress, which has been considered an influencing factor in previous studies. Indeed, Fukuyama
et al. reported that the LF thickness of lumbar degenerative instability patients was larger than
that of non-instability patients [12]. Furthermore, mechanical stretching force was reported to
increase collagen synthesis in cultured human LF cells [15}. However, there are no i1 vivo stud-
ies directly demonstrating that mechanical stress induces LF hypertrophy. )

In this study, we established a LF hypertrophy mouse model using 2 novel loading device
and examined the influence of consecutive mechanical stress on LF hypertrophy. In addition,
we induced macrophage infiltration into the mouse LF by applying micro-injury and exam-
ined the pathological role of macrophages in LF hypertrophy.

Materials and Methods
Animals

Eight-week-old female C57BL/6 wild-type mice and CAG-EGEFP transgenic mice were used in
this study {Japan SLC, Shizuoka, fapan). All mice were housed in 4 temperature- and humid-
ity-controlled environment with a 12 h light-dark cycle. In all animal experiments, the mice
were anesthetized intraperitoneally with an anesthetic mixture (medetomidine 0.3 mg/kg,
midazolam 4 mg/kg, and butorphanol 5 mg/kg) every hour in consideration of the anesthetic
duration [16]. The animal protocol was approved by the Committee of Ethics on Animal
Experiment in Faculty of Medicine, Kyushu University (A-27-220-0) in accordance with the
Guidelines for Animal Experimentation, All efforts were made to reduce the number of ani-
mals used and to minimize their suffering,

Histological analysis

After the mice were transcardially fixed with 4% paraformaldehyde, the lumbar spine was
removed and immersed in the same fixative. The spine was decalcified in ethylenediaminetet-
raacetic acid solution and dehydrated in sucrose solution. The sample was then embedded
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into OCT compound, frozen in liquid nitrogen, and cut into 10-ytm sections on a cryostat. The
sections were subjected to hematoxylin-eosin (HE) and Elastica-van Gieson (EVG) staining.
For immunostaining, the sections were stained with primary antibodies against Ibal (1:200;
macrophage marker; Wako, Osaka, Japan), laminin (1:200; basement membrane marker;
Sigma-Aldrich, Saint Louise, MO), collagen type 1 alpha 1 (COL1A1; 1:200; Sigma-Aldrich),
and 5-bromo-20-deoxyuridine (BrdU; 1:200; proliferating cell marker; Abcam, Cambridge,
UK). Then, the sections were incubated with Alexa Fluor-conjugated secondary antibodies
(1:200; Invitrogen, Carlsbad, USA). Nuclear counterstaining was performed using Hoechst
33242 (1:1000; Invitrogen). For BrdU detection, the sections were pre-treated with 2N-HCl for
30 min at 37°C.

Experimental procedures

To examine bone-marrow-derived cell (BMDC) infiltration into the LF under consecutive
mechanical stress, 1 x 10” bone-marrow cells prepared from CAG-EGFP mice by flushing the
femurs and tibias were transplanted into irradiated wild-type recipient mice as previously
described {17]. After confirming the reconstitution of >90% EGFP-bone-marrow cells in the
chimeric mice, we applied 12-week mechanical stress.

To quantify the number of proliferating cells by consecutive mechanical stress, BrdU
{100 pg/g body weight) was intraperitoneally administered daily during the loading period in
the two groups.

To induce macrophage infiltration, after peeling the lumbar paraspinal museles and expos-
ing the mouse LF, we applied micro-injury to the LF at the dorsal side with a sharp 30-gauge
needle tip. At 1, 2, and 6 weeks after micro-injury, histological and gene expression analyses
were performed. Sham surgery was performed on the controls.

Human LF samples

Human LF was obtained at surgery from 20 LSCS patients (mean age 68.6 years, range 65—
78 years, as hypertrophied LF) and 10 lumbar disc herniation (LDH} patients (mean age
25.9 years, range 24-34 years, as non-hypertrophied LF). Hypertrophied LF from LSCS
patients was then divided into two groups: mild (<4 mm) and severe (>4 mm) hypertrophy
(n = 10 per group).Human LF sections were subjected to HE and EVG staining. All proce-
dures were approved by the Kyushu University Institutional Review Board (25-126) and the
analyses of the sample were performed after obtaining written informed consent from each
patient.

Image acquisition and quantification

All radiographs of the mouse spine were scanned with micro-computed tomography (CT) (60
kV, 50 pm per pixel, Rigaku, Tokyo, Japan). For histological and immunohistochemical analy-
ses, images were obtained using a BZ-9000 digital microscope {Keyence, Osaka, Japan). The
thickness of human LF was measured at the facet joint level on axial T1-weighed magnetic res-
onance imaging {MRI) as previcusly described [18].The thickness of the mouse LF with/with-
out mechanical stress (the mechanical stress group and the control group) was also measured
at the facet joint level on the axial sections with EVG staining (n = 5 per group). To calculate
the area of collagen and elastic fibers after EVG staining, we used the Image] software program
(National Institutes of Health). The area was calculated 3 times and the average value was
taken [5]. The number of LF cells in human samples was counted by HE staining of the sagittal
sections in 5 random fields at 400x magnification as previously described (n = 10 per group)
[19). The number of LF cells, BMDCs, and proliferating cells in our mouse model was
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quantified by counting Hoechst, EGFP, and BrdU-immnunopositive cells in the axial sections
at the L5-L6 facet joint level at 200x magnification (n = 5 per group). The algorithms for
counting the cells were provided by the measurement software program Dynamic cell count
BZ-Hlc (Keyence).

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
Analysis

Total RNA was isolated from LF cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
and cDNA was synthesized from the total RNA using a PrimeScript reverse transcriptase
(TaKaRa, Shiga, Japan} according to the manufacturer’s instructions. Quantitative RT-PCR
was performed using 20 pl reaction mixture with primers specific to the genes of interest
(Table 1) and SYBR Premix Dimmer-Eraser (TaKaRa) [20]. The mRNA levels in each sample
were normalized to those of glyceraldehyde-3-phosphate dehydrogenase mRNA (n = 5 per

group}.
Table 1. Primers used for quantitative reverse transcription polymerase chain reaction.

Gene (Accession Number) - Primer-3'
COL1A1 {NM_007742.3) Forward AACCCTGGAAACAGACGAACAACC
Reverse TGGTCACGTTCAGTTGGTCAAAGS
COL1AZ (NM_007743.2) Forward ATCCAACTRAGTCTCCTCCCTTGE
Reverse CTCTGTGGARGATAGTCAGAAGCC
COL3A1 (NM_009930.2) Forward TAAAGRAGTCTCTGAAGCTGATGS
Reverse ATCTATGATGGGTAGTCTCATTGE
TNF-at (NM_013693.2) Forward TTATGGCTCAGGGTCCAMCTCTGT
Reverse TGGACATTCGAGGCTCCAGTGAAT
IL-1B (NM_013693.2) Forward GGGCTGEACTGTTTCTRATGCCTT
: Reverse CCATCAGAGGCAAGGAGGARAACA
IL-6 (NM_013683.2) Forward GCTCTCCTARCAGATAAGCTGGAG
Reverse CCACAGTGAGGAATGTCCACARAC
CTGF (NM_010217.2) Forward GGCCATACAAGTAGTCTGTCAACT
Reverse CACTCCAARRAGTAGGCACACTGC
PDGF-A (NM_008808.3) Forward AGACAGATGTGAGGTGAGATGAGE
‘ Revearse ACGGAGGAGAACAAAGACCGCACG
TGF-B1 (NM_011577.1) Forward TGGACACACAGTACAGCAAGETCC
Reverse ATCATGTTEGACAACTGCTCCACS
VEGF-A (NM_001025257.3) Forward CGGAGGCAGAGARAAAGAGAAAGTG
Reverse GGGAGAGAGAGATTGGAAACACAG
MMP-2 (NM_008610.2) Forward CCTGGTGACTTCAGATTTAAGAGG
Reverse GATGTTGAAGAARCCAGRAGAGTGG
MMP-9 (NM_013599.3) Forward CTGGTGATCTCTTCTAGAGACTGE
' Reverse ATGCATCTGCAACTACRGATAAGC
GAPDH (NM_004503) Forward GACTTCAACAGCAARCTCCCACTCT
Reverse GGTTTCTTACTCCTTGGAGGCCAT

COL1A1 indicates collagen type 1 alpha 1; COL1A2, collagen type 1 alpha 2; COL3A1, collagen type 3 alpha 1; TNF-a, tumor necrosis factor-g; IL-1B,
interleukin-1[3; IL-6, interleukin-6; CTGF, connective tissue growth factor; PDGF-A, platelet-derived growth factor-A; TGF-B1, transforming growth factor-
B1; VEGF-A, vascular endothelial cell growth factor-A; MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.

doi:10.1371/journal.pone.0 16397171001
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Statistical analysis

Wilcoxon’s rank sum test was used to compare the medians of the data between two groups
for the arca, width, and thickness of the LF, the area of the collagen and elastic fibers, the
qRT-PCR results, and the cell count in the mouse LF. To analyze the differences among
three groups in the ratio of elastic fibers to collagen fibers and the cell count in human LF,
ANOVA with the Tukey-Kramer post hoc test was performed. Statistical significance was
set at p < 0.05. The data were presented as the mean * SEM. All statistical analyses were car-
ried out using the JMP software program (version 11; SAS Institute, Cary, NC, USA).

Results
Consecutive mechanical stress loading to the mouse LF

First, to evaluate whether the mouse was a feasible experimental animal model for studying LF
hypertrophy, we performed histological analyses of the mice lumbar spine. In the axial sections
of the spine, HE staining showed that the mouse LF was located between the dural tube and
facet joints (Fig 1A). In the sagittal sections, EVG staining demonstrated that the LF ran
between adjacent laminas and mostly consisted of black-staining elastic fibers (Fig 1B). These
histological features were very similar to those of human LF. Therefore, we decided to use
mice to examine the pathomechanism underlying LF hypertrophy.

To establish a LF hypertrophy mouse model, we initially developed a loading device by
which the mouse LF was subjected to consecutive mechanical stress for the present experiment
(Fig 1C). The device consisted of a moving bed, straps, and motor driver (UNIQUE MEDICAL,
Tokyo, Japan) (Fig 1D). During the loading, the limbs were firmly strapped onto the bed under
anesthesia. When the upper half of the bed was constantly moving, the spine was bent and
extended repeatedly at the rate of 20 cycles per minute by the motor. To determine the appro-
priate loading, we performed a preliminary experiment with 12 weeks of mechanical stress
loading for 1.5, 3, and 4.5 h/day, and then decided on a 12-week loading period because an
experimental period exceeding 12 weeks was not practical. During this period, some mice in the
4.5 h/day group showed weight and hair loss, whereas no adverse events were noted in the other
groups. We therefore performed 3 h/day loading in subsequent experiments. The controls were
under anesthesia alone, To apply mechanical stress consistently at the L5-L6 level, we used the
iliac crest line as an anatomical land mark of the level {Fig 1E) and confirmed that mechanical
stress was adequately loaded to the mouse LF at the level by CT images (Fig 1F).

Mechanical stress brought about LF hypertrophy

To examine whether mechanical stress indeed induced LF hypertrophy, we compared the axial
cross-sectional area of the mouse LF with/without mechanical stress loading (the stress group
vs. the control group, respectively). We found the sectional area in the stress group to be about
1.5-fold that in the control group on EVG staining after 12-week mechanical stress (Fig 2A
and 2B). Although the width was comparable between the two groups, the thickness of the
stress group was significantly higher than that of the control group (Fig 2B). These results indi-
cated the successful establishment of a LF hypertrophy mouse model via mechanical stress.

‘We then investigated the effect of mechanical stress on the extracellular matrix (ECM). Pre-
vious observations in human samples demonstrated that the major ECM component was elas-
tic fibers, while the minor component was collagen fibers in non-hypertrophied LF, whereas
the ratio of collagen fibers was markedly increased in hypertrophied LF [4,5). Similarly, in our
mouse model, the area of collagen fibers was considerably higher in the stress group than in
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Fig 1. Histological analyses of the mouse lumbar spine and a mechanical stress loading device. The
application of mechanical stress to the mouse LF using a novel davice. {(A) HE and (B) EVG staining of the
spine sections. {C} Photographs and (D) schematic illustrations of the device. (E) A coronal CT image
showing that the iliac crest line corresponds to the L5-L6 disc level. (F) Sagittal CT images showing that
mechanical siress was consistently applied at the L5-L6 level. Scale bars (A): 300 pm; insets: 50 pm; (B):
300 pm; insets: 100 pm, LF, ligamentum flavum,; Ver, vertebral body; Du, dural tube; SAP, superior articular
process; IAP, inferior articular process; La, lamina,

doi:10,1371/journal.pone.0168717.9001

the control group (Fig 2C). Although the area of elastic fibers also increased, the density of
elastic fibers decreased compared to that of collagen fibers (Fig 2C-2F),

The histological comparison of the mouse and human LF

‘We next evaluated the severity of LF hypertrophy in the mouse model in comparison to
human samples. Non-hypertrophied LF of human showed a dense and regular bundle of elas-
tic fibers, whereas severely hypertrophied LF showed thin, irregular, and fragmented elastic
fibers in EVG staining (Fig 3A). Additionally, the elastin-to-collagen ratio decreased in hyper-
trophied LF compared to non-hypertrophied LF (Fig 3B). In our mouse model, the elastic
fibers in the control group were dense and aligned, whereas in the stress group, they were
slightly degenerated, and a decreased elastin-to-collagen ratio was observed (Fig 3C and 3D).
These results indicated that our mouse model by mechanical stress was histologically identical
to mildly hypertrophied LF of human.
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Fig 2. Mechanical stress induced LF hypertrophy. (A) Axial seciions of the mouse LF with/without
12-week mechanical stress loading on EVG staining. (B and C) Bar graphs showing the cross-sectional area,
width, thickness, and the area of collagen fibers and elastic fibers in the two groups. {D and E) High
magnifications of {A). (F) Bar graph showing the ratio of collagen tibers to elastic fibers in the twa groups.
Scale bars (A): 500 uym; insets: 50 pm; (D and E): 10 pm. *p < 0.05, Wilcoxon's rank sum test, n.s. = not
significant (n = 5/group).

doi:10,1371/journal.pone.0169717.9002
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Fig 3. Our mouse model histologically reflected mildly hyperirophied LF in humans. (A) MRl and EVG
staining of human samples: non-hyperirophy and mild and severe hypertrophy. The white broken lines
indicate cutlines of the LF. {B) Bar graph showing the ratio of elastic fibers to collagen fibers in the three
groups. *p < 0.05, an ANOVA with the Tukey-Kramer post hoc test {n = 10/group). (C) EVG staining of the
mouse LF with/without 12-week mechanical stress. (D) Bar graph showing the ratio of elastic fibers to
collagen fibers in the two groups. *p < 0.05, Wilcoxon's rank sum test (n = 5/group). Scale bars (A); 100 ym;
{C): 50 pn.

doi:10.1371/journal. pone.0169717.9003

Increased number of LF cells by mechanical stress

In addition to these ECM component changes, we examined the cellular distribution changes
using human and our meuse samples. There were few cells in human non-hypertrophied LF,
whereas a significantly increased number of cells was observed in human hypertrophied LF
(Fig 4A and 4B). Also in our mouse model, the number of Hoechst-positive LF cells was signif-
icantly higher in the stress group than in the control group (Fig 4C and 4D). Furthermore, the
number of BrdU-positive proliferating cells was significantly higher in the stress group (Fig 4E
and 4F). We initially expected to observe BMDC infiltration by mechanical stress because
macrophage infiltration was reported in human hypertrophied LF [21]. However, no EGFP-
positive BMDC infiltration occurred in the bone-marrow-chimeric mouse LF with/without
mechanical stress (Fig 4C).

increased gene expression of fibrosis-related factors by mechanical
stress

To examine the influence of mechanical stress on the activation of fibrosis-related factors in
LF cells, we evaluated the gene expression of inflammatory cytokines, growth factors, and
angiogenesis-related factors in the mouse model. Quantitative RT-PCR demonstrated that the
gene expression of collagens, tumor necrosis factor-g, interleukin-1p, and interleukin-6 were
significantly higher in the stress group than in the control group (Fig 5A and 5B). A significant
increase in the CTGF and PDGF-A expression was also observed in the stress group (Fig 5C).
Although an abundant TGF-B1 expression and angiogenic factors were reported in severely
hypertrophied LF of humans {21}, no significant differences were seen in the two mouse
groups (Fig 5C and 5D),
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Fig 4. The changes in the cellular distribution in the hypertrophied LF of mice and humans. (A and B) The
number of cells significantly increased with LF hypertrophy in humans. *p < 0.05, an ANOVA with the Tukey-
Kramer post hoe test (n = 10/group). (C-F} The comparison of the number of cells {Hoechst, blug), infiltrating
BMDCs (EGFP, green), and proliterating cells {BrdU, red) in the mouse LF with/without 12-week mechanical stress,
To detect BMDCs, we generated bone-marrow-chimeric mice by transplanting from CAG-EGFP mice. The white
broken lines indicate the outlines of the LF. *p < 0.05, Wilcaxon’s rank sum test (n = 5/group). Scale bars (A):

100 pm; {C and E); 100 pm; insets: 10 pm.

doi:10.1371/journal.pone.(169717.9004

Micro-injury-induced macrophage infiliration and collagen accumuiation
in the injured area

In contrast to severely hypertrophied LF of LSCS patients, our mouse model by mechanical
stress demonstrated no infiltrating macrophages, increase in TGF-B1 expression, or angiogen-
esis {Figs 4C, 5C and 5D). We therefore hypothesized that factors other than mechanical stress
were involved in the progression of LF hypertrophy. To examine the pathological role of mac-
rophages in LF hypertrophy, we induced macrophage infiltration by applying micro-injury to
the normal mouse LF at the dorsal side. At 1 week after micro-injury, Ibal-pesitive macro-
phages had infiltrated around the injured lesion (Fig 6A). Notably, 2 QRT-PCR analysis
revealed the gene expression of collagens and fibrosis-related growth factors, including TGE-
B1, to be significantly higher in the micro-injured group than in the non-injured group (Fig 6B
and 6C). Furthermore, laminin-positive micro-vessels and a significant increase in the levels of
angiogenesis-related factors were also observed (Fig 6A and 6D). Indeed, excessive collagen
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Fig 5. The mRNA expression of fibrosis-relaled factors in our mechanical stress mouse model, (A-D)
The gene expression of collagens, inflammatory cytokines, growth factors, and angiogenesis-related factors
evaluated in the mouse LF with/without mechanical stress leading by qRT-PCR {n = 5/group). *p < 0,05,
Wilcoxon's rank sum test, n.s. = not significant. COL1A1, collagen type 1 alpha 1; TNF-o, tumor necrosis
factor-g; IL, interfeukin; CTGF, connective tissua growth facter; PDGF-A, platelel-derived growth factor-A;

TGF-PB1, transforming growth factor-B1; VEGF-A, vascular endothelial cell growth factor-A; MMP, matrix
metalloproteinase.

gol:10.1371/journal.pone. 01697179005

synthesis without elastic fibers was observed in the injured area at 2 weeks after micro-injury
(Fig 6E), and LF hypertrophy was detected selectively in the micro-injury area at 6 weeks after
injury (Fig 6F). These results strongly suggested that macrophage infiltration was a significant
factor involved in the progression of LF hypertrophy by activating collagen production.

Discussion

In this study, by applying consecutive mechanical bending stress to the mouse LF, we demon-
strated that mechanical stress was one of the direct causes of LF hypertrophy. In the mouse
hypertrophied LF, increased collagen fibers, proliferating cells, and the gene expression of sev-
eral fibrosis-related factors were found. In addition, macrophage infiltration with angiogenesis
was induced by applying micro-injury to the mouse LF, In this macrophage infiltration model,
LF hypertrophy was observed along with the excessive expression of collagen and the increased
expression of TGF-B1. These findings suggest that long-term mechanical stress and macro-
phage infiltration significantly influence the progression of LF hypertrophy.

To date, previous studies have reported the common histological characteristics of human
hypertrophied LF as follows: collagen deposition, elastic fiber fragmentation, and calcification
(22,23]; inflammatory cell accumulation (21]; and an increased expression of fibrosis-related
factors [6-8,24,25]. However, these pathological changes in human samples only indicated the
advantaged stage of LF hypertrophy, and determining which factors contribute to the process
of LF hypextrophy is difficult. Therefore, we established an experimental animal model to clar-
ify its pathomechanisms. In our mechanical stress model, we confirmed the increases in colla-
gen fibers, cell proliferation, and the fibrosis-related factors expression, in line with human LF
pathology.

In fibrotic diseases of several organs, TGF-B1 has been reported to be an important disease-
related factor for collagen production [26,27]. The main source of this cytokine was believed to
be infiltrating macrophages in fibrosis [28,29]. For example, the number of infiltrating macro-
phages correlated with the TGF-p1 expression and the progression of collagen accumulation
in liver ftbrosis [28]. In addition, in severely hypertrophied LF of humans, macrophage infiltra-
tion was observed in the collagen deposition area with increased TGF-B1 expression [21].
In the development of a LF hypertrophy mouse model, we hypothesized that consecutive
mechanical stress would induce macrophage infiltration and increased TGE-B1 expres-
sion. However, although the increased gene expression of several fibrosis-related factors
was observed in our mechanical stress mouse model, there was no BMDC infiltration or
increased TGF-B1 expression (Figs 4C and 5C). Therefore, we additionally induced mac-
rophage infiltration by applying micro-injury, and found that macrophages were associ-
ated with the increased expression of collagens and TGF-B1 (Fig 6A-6C). Indeed, we
found excessive collagen synthesis in the injured site at 2 weeks after micro-injury (Fig 6E)
and confirmed LF hypertrophy at 6 weeks after micro-injury (Fig 6F). These results sug-
gested that infiltrating macrophages may also play a significant role in the progression of
LF hypertrophy via the increased expression of TGF-1.
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Fig 6. The influence of macrophage infiltration following micro-injury on the mouse LF. (A The
presence of infilirating macrophages {Iba1, green) and neovascular vessels {laminin, red) in the mouse LF
with/without micro-injury. (B-D) Bar graphs showing the gene expression of collagens, fibrosis-related growth
factors, and angiogenesis-related factors in the two groups. {E) The collagen synthesis in the injured area
{COL1A1, green) at 2 weeks after micro-injury. {F) Sagittal sections of the mouse LF with/without micro-injury
on HE staining at 6 weeks after micra-injury. The black broken lines indicate the outlines of the LF. The
asterisk indicates the area to which micro-injury was applied. *p < 0.05, Wilcoxon's rank sum test (n=5/
group). Scale bars (A}: 50 pm; insets: 20 yrm; (E): 20 pmy; (F) 200 pm. COL1A1, collagen type 1 alpha 1; TGF-
B1, transforming growth factor-p1; CTGF, connective tissue growth factor; PDGF-A, platelet-derived growth
factor-A; VEGF-A, vascular endothelial cell growth factor-A; MMP, matrix metalloproteinase.

doi;10.1371/journal.pone.0169717.9006

Another characteristic of human hypertrophied LF is angiogenesis. While the normal LF is
non-vascularized, marked angiogenesis was observed in the area of collagen accumulation in
the severely hypertrophied LF [21]. Several factors such as VEGF and MMPs are considered to
be important for angiogenesis, and their actual expression has been mainly observed in fibrotic
areas [30]. These angiogenic factors were reported to be derived from infiltrating macro-
phages, and neovascular vessels further promoted macrophage infiltration, resulting in the
excessive expression of TGF-P1 as well as collagen production [31). Therefore, the interplay
between infiltrating macrophages and angiogenesis may also worsen the fibrotic pathology in
LF hypertrophy progression. In our macrophage infiltration model, angiogenesis and the sig-
nificantly increased expression of angiogenic factors were observed with infiltrating macro-
phages (Fig 6A and 6D}. This macrophage infiltration model may help elucidate the effect of
disrupting the cycle of macrophage infiltration and angiogenesis to prevent the progression to
severe LF hypertrophy. Indeed, an angiogenesis inhibitor was reported to successfully suppress
macrophage infiltration and subsequently prevent fibrotic collagen accumulation in renal
fibrosis [32].

There are several limitations associated with the present study. We did not establish a LF
hypertrophy mouse model showing advanced histological changes only by mechanical stress,
Although we tried to investigate the influence of the combination of mechanical stress and
micro-injury on LF hypertrophy, the combination unexpectedly caused an LE tear and the
sample could not be analyzed, In addition to this limitation, our mechanical stress mouse
model cannot be used to develop an LSCS model because the ratio of the LF to the dura! tube
was significantly smaller in mice than in humans. Nevertheless, we believe that each model we
established in this study showed the pathological characteristics of human hypertrophied LF,
at least in part, and is thus useful for a better understanding its pathogenesis.

In conclusion, we demonstrated for the first time that consecutive mechanical stress
directly brought about LF hypertrophy in a mouse model. In addition, macrophage infiltration
following micro-injury was found to be associated with severe LF hypertrophy by stimulating
angiogenesis, collagen synthesis, and increased TGF-fI production.
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Abstract

Flattening of the preimplantation rod contour in the sagittal plane influences thoracic
kyphosis (TK) restoration in adolescent idiopathic scoliosis (AIS) surgery. The effects of
multilevel facetectomy and screw density on postoperative changes in spinal rod contour
have not been documented. This study aimed to evaluate the effects of multilevel facetect-
omy and screw density on changes in spinal rod contour from before implantation to after
surgical correction of thoracic curves in patients with AlS prospectively. The concave and
convex rod shapes from patients with thoracic AlS (n = 49) were traced prior to insertion.
Postoperative sagittal rod shape was determined by computed tomography. The angle of
intersection of the tangents to the rod end points was measured. Multiple stepwise linear
regression analysis was used to identify variables independently predictive of change in
rod contour {AB). Average A8 at the concave and convex side were 13.6°+7.5° and 4.3° +
4.8° respectively. The AB atthe concave side was significantly greater than that of the con-
vex side (P < 0.0001) and significantly correlated with Risser sign (P = 0.032), the preoper-
ative main thoracic Cobb angle (P = 0.031}, the preoperative TK angle (P = 0.012), and

the number of facetectomy levels (P = 0.007). Furthermore, a A8 at the concave side >14°
significantly correlated with the postoperative TK angle (P = 0.003), the number of facetect-
omy levels (P = 0.021), and screw density at the concave side (P = 0.008). Rod deforma-
tion atthe concave side suggests that corrective forces acting on that side are greater
than on ihe convex side. Multilevel facetectomy and/or screw density at the concave side
have positive effects on reducing the rod deformation that can lead to a loss of TK angle
postoperatively.

PLOS ONE | DOI:10.1374/jcurnal.pene.0161906  August 26, 2016

1/10

-168-



@'PLOS | one

Postoperative Changes In Spinal Rod Contour in AlS Surgery

Introduction

Restoration and maintenance of the normal sagittal contour as well as coronal correction of the
thoracic curve is an important surgical strategy in patients with thoracic adolescent idiopathic
scoliosis (AIS), because these patients typically have a hypokyphotic thoracic spine compared
with nonscoliosis patients [1]. Currently, posterior segmental pedicle screw (PS) instrumenta-
tion and fusion has become one of the most common surgical treatments. However, recent
studies have reported that PS constructs to maximize scoliosis correction can cause further
lordosis of the thoracic spine [2-4]. These patients exhibit a flat back, leading to progressive
decompensation and sagittal imbalance [1,5]. Preservation of thoracic kyphosis (TK) is also
critical to maintain lumbar lordosis after surgical treatment of AIS [1].

To overcome these issues, Ito et al. [6] and Sudo et al. [7-9] recently developed a very simple
surgical technique called the simultancous double-rod rotation technique (SDRRT) for correct-
ing AIS. In this technique, two rods are connected ta the screw heads and are simply rotated
simultaneously to correct the scoliosis, while TK is maintained or improved. Moreover, hypo-
kyphotic rod deformation is prevented with dual-rod derotation instead of single-rod derota-
tion [6-9].

Some studies have investigated the correlation between AIS curve correction and destabili-
zation procedures such as multilevel facetectomy [10] or the number of fixation anchors, such
as PS density [11-14]. Implant rod curvature will also influence the postoperative TK. The ini-
tial shape of the rod could lead to a certain sagittal outcome. However, it has been recognized
that reds bent by surgeons prior to implantation tend to flatten after surgery [15,16], The
postoperative implant rod deformation as a “spring-back” effect can alter the sagittal alignment
of the spine and consequently the clinical outcome [17]. Until now, there has been no consen-
sus on what possible factors can alter the shape of the rod. Based on the biomechanical point
of view, the comprehensive effects of the surgical strategies on postoperative TK remain
unknown. This study aimed to evaluate the effects of multilevel facetectomy and/or screw den-
sity on the change in the rod contour and TK in patients with thoracic AIS.

Materials-and Methods
Patients

This study was an investigator-initiated observational cohort study conducted at a single
medical center and approved by institutional review board of Hokkaido University Hospital
(approval number: 014-0370). A written informed consent was obtained from all participants.
Data from 49 patients (1 male, 48 female) with Lenke type 1 or type 2 AIS curves who under-
went posterior thoracic curve correction between June 2009 and April 2016 were evaluated at
our institution. Exclusion criteria included syndromic, neuromuscular, and congenital scoliosis
and the presence of ather double or triple major AIS curves, as well as thoracolumbar and lum-
bar AIS curves. The average age and Risser sign at surgery were 15.5 + 2.2 years (range, 12-20)
and 3.9 & 1.1 (range, 1-5; Table 1), respectively.

Standing long-cassette posteroanterior and lateral radiographs were evaluated for multiple
parameters before and at the 2-week follow-up. Coronal and sagittal Cabb angle measurements
of the main thoracic (MT) curves were obtained. The end vertebrae levels were determined on
preoperative radiographs and measured on subsequent radiographs to maintain consistency
for statistical comparisons {7,8]. Sagittal measurements included the TK (T5~T12) angle {7,8].
The number of facetectomy levels was counted, and screw density was expressed as the number
of screws per level instrumented for each patient. In this study, the number of hocks in the
instrumented level was not counted.
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Table 1. Disease characteristics and clinlcal features of the subjects.

Mean % standard deviation Range
Body mass index (kg/m?) 18.81£2.4 12.41024.2
Risser sign (grade) 39x1.1 1to 5
Preoperative main thoracic Cobb angle (°) 59.6+£10.2 461088
Postoperative main thoracic Cobb angle (%) 13.3%7.3 11036
Preoperative thoracic kyphosis angle (°) 117278 -4t0 34
Postoperative thoracic kyphosis angle {°) 21.1+6.3 71033
Number of vertebrae in fusion (no.) 10.8%1.6 7014
Number of facetectomy levels {no.) 65134 Dto12
Screw density at concave side (no. of screws / level instrumentad) 0.89+0.14 05t01
Screw density al convex side {no. of screws / level instrumented) 0.80+0.18 0.4t01

doi:10.1371/journal pone.01619086.1001

Surgical Technique

Six-millimeter diameter titanium-alloy implant rods and polyaxial PSs (USS II Polyaxial,
DePuy Synthes, Raynham, MA, USA) were used to correct the scoliosis deformity. All rods
were prebent only at a single plane. Rods and screws were surgically implanted via the double
rod rotation technique {6-9]. In this technique, two implant rods were inserted into the polyax-
fal screw heads. The polyaxial screw heads remained unfastened until the completion of rod
rotation, allowing the rods to rotate and translate freely inside the screw head. A torque was
applied to the rod-rotating device to rotate the rods simultaneously, transferring the previous
curvature of the rod at the coronal plane to the sagittal plane. Additional in situ bending or
other reduction maneuvers were not performed in all cases. All polyaxial screws were carried

upward and medially to the concave side of the curve by the rotation of the rods, which did not
exert any downward force on the vertebral body [6-9]. Both polyaxial screw heads and simulta-
neous double-rod rotation were key to the current technique. Frictional force at the screw-rod
interface was decreased, and there was little chance of screw cut-out laterally[9]. This technique
provided derotation of the apical vertebra as well as restoration of TK, leading to rib hump cor-
rection without additional costoplasty [9].

Rod Analysis

The implant rod angle of curvature was used to evaluate implant rod deformation. Prior to
implantation, following the intraoperative contouring of the rods, the surgeon traced the rod
shapes on paper {15]. The angle between the proximal and distal tangential line was measured
as the rod angle before implantation (81) as previously described [15]. Postoperative implant
rod geometry was obtained a maximum of 2 weeks after the surgical operation using computed
tomography (Aquilion 64 CT scan; Toshiba Medical Systems Corporation, Tokyo, Japan). Dig-
ital Imaging and Communications in Medicine (DICOM) data were obtained to reconstruct
new images by DICOM viewer software {OsiriX Imaging Software; Pixmeo Labs,, Geneva,
Switzerland), The reconstructed sagittal images of the implanted rods were obtained, and the
angle between the proximal tangential line and the distal tangential line was measured (62)
(Fig 1). In cases in which the rod shape had both thoracic and lumbar curvature, the distal tan-
gential line was determined based on the inflection point. The angle of rod deformation (A8)
was defined as the difference between 81 and 62 (81-82). The angles 81, 82, and A8 were
obtained from the rods at both the concave and convex sides.
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Fig 1. Rod angle before and after implantation, (A} Prior to implantatien, the surgeon traced the rod
shapes on paper. The angle between the proximal and distal tangential line was measured (81). (B)
Posloperative implant rod geometry (82) was oblained after the surgical operation using computed
tomography.

doi:10.1371/journal.pone.0161906.001

Statistical Analysis

Bivariate statistical analysis was performed between the change in TK (postoperative TK-pre-
operative TK) and the AQ at the concave or convex side using the Wilcoxon rank sum test.
Pearson’s correlation coefficient analysis was used to assess relationships between independent
variables. Stepwise linear regression analysis was applied to control for possible confounding
variables and to identify variables independently predictive of A8 both at the concave and con-
vex side. Patients’ age and disease characteristics were included in the variables: age, body mass
index [weight (kg)/height(m)*], Risser sign, preoperative MT Cobb angle, postoperative MT
Cobb angle, preoperative TK angle, postoperative TK angle, number of facetectomy levels, and
screw density at both the concave and convex side. Significant multivariate predictors are
reported with their respective predictive equations, including the intercept and regression coef-
ficients (B). Model fit was assessed by using the goodness-of-fit F test and R statistic. Data
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analyses were performed using JMP statistical software for Windows (version 12; SAS, Inc.,
Cary, NC, USA). P < 0.05 was considered statistically significant. All data are expressed as
mean * standard deviation.

Results

Disease characteristics are sumimarized in Table 1. On average, 10.8 + 1.6 vertebrae were
instrumented in the 49 patients. The average preoperative MT curve was 59.5° % 10.2°, Postop-
erative radiographs showed an average MT curve of 13.3° + 7.3 Sagittal plane analysis
revealed that the average preoperative TK was 11.7° + 7.8°, which improved significantly to
21.1° £ 6.3° (P < 0.0001).

The preoperative 61 and postoperative 82 implant rod angle of curvatures at the concave
and convex sides of the deformity are listed in Table 2.

The 2 was significantly lower than the 81 at the concave side (P < 0.001 at the concave
side, P = 0.019 at the convex side, respectively). The A8 at the concave side was significantly
greater than that of the convex side (P < 0.0001) {Fig 2).

Postoperative TK was significantly correlated with the postoperative 62 implant rod angle at
both sides, particularly at the concave side (concave: r = ~0.415, P = 0.003; convex: r = -0.321,
P =0.025, respectively) (Fig 3).

In multiple stepwise linear regression analysis, 4 variables were independent predictive fac-
tors for AB at the concave side: Risser sign (P = 0.032), the preoperative M'T' Cobb angle
(P =0.031), the preoperative TK angle (P = 0.012, and the number of facetectomy levels
(P =0.007). The model fit the data well {goodness-of-fit Ftest = 7.05, R* = 0.50, P = 0.0001)
(Table 3).

Conversely, for AG at the convex side, 3 variables emerged as predictors: the number of ver-
tebrae in fusion (standardized f = -0.596, P = 0.0003), the number of facetectomy levels (stan- -
dardized B = 0.578, P = 0.0006), and the Risser sign {standardized = -0.292, P = 0.026).
However, R* was low (goodness-of-fit F test = 5.67, R* = 0.34, P = 0.0009), indicating that only
34% of the variation in AB was explained by these 3 predictors.

Subgroup Analysis

To determine whether A8 affects postoperative TK, the total cohort was then divided into 2
groups on the basis of the mean A8 at the concave side. The A > 14° group was defined by AD
above the mean degree (13.6° £ 7.5°) at the concave side and further analyzed. The average age
(n=23) were 15.4 £ 2.1 years (range, 12-20). Disease characteristics and rod data in the group
of > 14° rod deformation are summarized in Table 4.

Pearson’s correlation coefficient analysis showed that in the group of A8 > 14°, A8 at the con-
cave side had significant correlation with the postoperative TK angle (r = 0,590, P = 0.003),

Table 2. Implant rod angle of curvature at the concave and convex side of deformity.

Mean * standard deviation Range
Preoperative rod angle (81) at concave side {°) 418171 22.31066.5
Preoperative rod angle (B1) at convex side (%} 384195 19,510 69.9
Postoperative rod angle {82) at concave side (%) 28.219.1 9.21048.5
Postoperative rod angle (82) at convex side (%) 34.1+82 15.010 55.8
Rod deformation {AB) at conc¢ave side {*) 13.6x7.5 -0.3t036.5
Rod deformation (AB} at convex side {7) 4.314.8 -6.81017.8
doi:10.1371fournal.pone.0161906.1002
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Fig 2. implant rod angle of curvature at the concave and convex sides of the deformity. (A} 61 .and 82 atthe concave
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Table 3. Associations between various factors and rod deformaticn at the concave side (°) using multiple stepwise linear regression analysis,

Regression Standard 95% Confidence t Standardized p [P

Coefficient Error Interval
Constant -10.787 8.57 {-28.081, 6.509) -1.26 - 0.215
Risser sign (grade) 1.668 0.753 {0.148, 3.188) 2.21 0.249 0.032
Preoperative main thoracic Cobb angle (°) 0.265 0.085 {0.095, 0.436) 3.14 0.362 0.031
Preoperative thoracic kypchosis angle() -0.279 0.108 (-0.494, -0.064) -2.62 -0.292 0012
Number of facetectomy levels (no.) -0.716 0.253 {-1.225, -0.206) -2.83 -0.325 0.007
Screw density at convex side (ho. of screws / level 10.372 5,205 (-0.133,20.876) 1.99 0.223 0.053
instrumented) ‘

P < 0.05 was censidered statistically significant

doi:10,1371ournal.pone.0161906.1003

the number of facetectomy levels (r = ~0.479, P = 0.021), and screw density at the concave side
{r =-0.537, P=0.008)(Table 5).

Discussion

Careful investigation of the changes in implant rod geometry is important to fully understand
the biomechanics of scoliosis correction [16]. However, there have been few studies examining
the relationship between rod deformation and sagittal alignment of the thoracic spine
[15,16,18]. Cidambi et al. [15] documented that a significant difference was observed between
pre- and postoperative rod contour, particularly for concave rods, and that the resulting defor-
mations were likely associated with substantial in vivo deforming forces. Simnilasly, Salmingo
etal. [16] reported that implant rods at the concave side were significantly deformed after sur-
gery, whereas rods at the convex side had no significant deformation. Abe etal. [18] suggested
that the corrective force during scoliosis surgery was 4 times greater at the concave side than at
the convex side. The present study also showed that there was a significant positive relationship
between postoperative TK and the postoperative implant rod angle of curvature, indicating

Table 4, Disease characteristics and rod data in the group of > 14° rod deformation at the concave side.

Mean & standard deviation Range
Body mass index (ka/m?) 186125 13.11023.4
Risser sign {grade) 4.0+09 105
Precperalive main thoracic Cobb angle (%) 61.7+11.7 4610 B8
Postopsrative main thoracic Cobb angle {°) 14.0+6.3 11087
Preoperalive thoracic kyphosis angle (%) 7.6 5.5 . -410 23
Postoperative thoracic kyphosis angle (%) 19.6£8.0 71033
Number of vertebrae in fusion {no.) 10.5+1.6 71013
Number of facetectomy levels {no.) 56+3.4 Gto 11
Screw density at concava side (no. of screws / level instrumented) 0.8910.15 0.56101
Screw density at convex side (no. of screws / level instrumented) 0.84£0.15 05101
Preoperative rod angle {81) at concave side (°} 43.4+8.0 20.61066.5
Preoperative rod angle {81) at convex side (%} 37.9+£11.3 19.51069.9
Postoperative rod angle (62) at concave side (°) 23.7+9.6 9.21048.5
Postoperative rod angle (82) at convex side (°) 325+9.3 15.0%055.8
Rod deformation (AB) at cencave side (%) 19.715.3 14.11036.5
Rod deformation {A8) at convex side (°} 5.5+6.0 ' -5.8t017.8
doi:10.1371/joumal.pone.0161906 1004
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Table 5. Correlation analysis between rod deformation and variable in patients with rod deformation >14 * at the concave side.

Pearson's correlation coefficients
Variable Correlation coetficient 95% CI Statistical significance
Age at surgery (yrs) r=-0.017 (-0.398, 0.427) P=0937
Body mass index (kg/m%) r=-0.207 {-0.570, 0.225) P=0.344
Risser slgn (grade) r=-0.084 {(-0.479, 0.340) P=0705
Preoperative main thoracic Cobb angle {°) r=0.142 {-0.287, 0.524) P=0518
Postoperative main thoracic Cobb angle (°) r=0.396 (-0.019, 0.685) P=0.061
Freoperative thoracic kyphosis angle (%) r=-0.286 {-0.625, 0.143) P=0.186
Posloperative thoracic kyphosis angle () r=-0,590 (-0.808, -0.235) P=0.003
Number of vertebras in fusion (ne.) r=-0.324 (-0.648, 0.102) P=0.132
Number of facetectomy levels {no.) r=-0.479 (-0.744, -0.083) P =0.021
Screw density al concave side (no. of screws / level instrumented) r=-0.537 {(-0.777,-0.160) P=0.008
Screw density at convex side (no. of screws / level instrumented) r=0.350 (-0.073, 0.666) P=0.102
Rod deformation (AB) at convex side (%) r=0.014 {-0.424, 0.400) P=0.048

£ < 0,05 was considered statistically significant

dok:10.1371/joumal.pone.0161806.4005

that implant rod curvature influences sagittal curve correction. In addition, rod deformation at
the concave side was significantly greater than that of the convex side.

Removing the facets and soft tissues between the posterior elements has been shown to
allow greater distraction abilities along the length of the posterior column (1]. Destabilization
of the posterior spinal segment by releasing soft tissue or facet joints could be important to pre-
vent implant breakage or pedicle fracture during maneuver in more severe curve corrections
[18]. However, it is still unclear whether these posterior releases positively affect the TK, espe-
cially with a hyphokyphotic thoracic spine [1,9]. Recently, Sudo et al, [9] documented that in
patients with a hypokyphotic thoracic spine < 15° a significant correlation was found between
the change in TK and the number of facetectomny levels, indicating that multileve] facetectomy
is an important factor to restore TK in patients with hypokyphotic thoracic spines. In the
present study, there was a significant negative correlation between precperative TK and rod
deformation, indicating that the rod deformation was greater in patients with preoperative
hypokyphotic thoracic spines. In addition, the deformation could be decreased by increasing
the number of facetectomy levels,

Screw density may be also a possible factor in optimizing restoration of TK. However, the
effect of implant density on sagittal plane correction and TK restoration has been reported in
only a few studies, and the results have been controversial [12,14,19]. Larson et al. [12] demon-
strated that decreased TK was correlated with increased screw density for Lenke type I and 2
curves, Conversely, Liu et al. [14] documented that higher screw density provided better TK
restoration than low screw density. Recently, Sudo et al. {9] also documented that in patients
with preoperative TK < 15, a significant positive correlation was found between the change in
TK and screw density, whereas no correlation was found in patients with TK >15°, suggesting
that screw density had a positive effect on TK restoration in patients with hypokyphotic tho-
racic spines. Their results indicate that screw density at the concave side has an impact not
énly on scoliosis correction but also on TK restoration,

In the present study, in patients with rod deformation at the concave side > 14°, there were
significant negative correlations between rod deformation at the concave side and postopera-
tive TK or screw density at the concave side, These results suggest that rod deformation > 14°
at the concave side significantly decreases postoperative TK. However, this rod deformation
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could be decreased by increasing screw density at the concave side. Hence, the current results
biomechanically supported the results presented by Sudo et al.[9], documenting that in patients
with preoperative hypokyphotic thoracic spines, increasing screw density at the concave side is
important for optimizing postoperative TK.

There were limitations to this study. First, we evalnated deformity surgery with the use of
titanium rods. The module of elasticity of the titanium alloy is much less than either stainless
steel or cobalt chrome implants [16]. Second, we did not analyze the effects of multilevel osteot-
omy on the in vivo flexibility of the thoracic spine. We are now measuring in vivo force acting
at the vertebrae before and after multilevel osteotomies in order to investigate the biomechani-
cal effects of spinal flexibility provided by multilevel facet osteotomies on rod deformation.
Third, resisting forces from the deformed spine might be different between males and females
and this would need to be addressed in our predominantly female cohort. However, there were
no effects of gender on thoracic hypokyphosis postoperatively (data not shown). Last, the rela-
tionships between rod deformation and clinical symptoms remain unclear.

Conclusion

The present study showed that there was a significant relationship between postoperative TK
and the postoperative implant rod angle of curvature. In addition, the rod at the concave side
was significantly deformed after the surgical treatment, The rod deformation at the concave
side suggests that corrective forces acting on that side are greater than on the convex side. Mul-
tilevel facetectomy and/or screw density at the concave side have positive effects on reducing
the rod deformation that can lead to a loss of TK angle postoperatively.
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Abstract

Although human intervertebral disc degeneration can lead to several spinal diseases, its
pathogenesis remains unclear. This study aimed to create a new histological classification
applicable to an in vivo mouse Iintervertebral dise degeneration model induced by needle
puncture. One hundred six mice were operated and the L4/5 intervertebral disc was punc-
tured with a 35- or 33-gauge needle. Micro-computed tomography scanning was performed,
and the punctured region was confirmed. Evaluation was performed by using magnetic res-
onance imaging and histology by employing our classification scoring system. Qur histologi-
cal classification scores correlated well with the findings of magnetic resonance Imaging
and could detect degenerative progression, irrespective of the punctured region. However,
the magnetic resonance imaging analysis revealed that there was no significant degenera-
tive intervertebral disc change between the ventrally punctured and non-punctured control ‘
groups. To induce significant degeneration in the lumbar intervertebral discs, the central or
dorsal region should be punctured instead of the veniral region.

Introduction

Human intervertebral disc (IVD) degeneration is a common cause of low back pain and it
affects the daily activities {1-3]. It is the cause of spinal diseases such as spinal canal stenosis,
disc herniation, and spinal deformity. Currently, there is no clinical treatment to prevent the
development of IVD degeneration, and the present available therapeutic options for spinal
complications, namely analgesics and surgical procedures, do not address the etiology [1].

The research focusing on IVD degeneration, from the gross anatomical to histological stud-
ies, has been conducted using various animal tmodels: scalpel incision to annulus fibrosus (AF)
in canines [4] and rats [5]; surface incision to AF in sheep [6]; full puncture to IVD using nee-
dle in mice[7] and rats {8]; and hemi-AF puncture using needle in mice [9], rats [10], and
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rabbits [11-13]. However, because of the animal size and the species-specific physiological var-
iations, the level of IVD degeneration differs [10,14]. To establish an IVD degeneration model
induced by needle puncture,  precise size and shape of the device and a detailed procedure for
each of the species are necessary. In addition, although the number of reports describing IVD
degeneration in terms of the genetic approaches is increasing {1,15-19), there has been no
appropriate histological classification applicable to an i vivo mouse intervertebral disc degen-
eration model, which is also applicable to genetically modified mice. The aim of this study was
to create a new histological classification applicable to an in vivo mouse intervertebral disc
degeneration model induced by needle puncture.

Materials and Methods

All animal procedures in this study were conducted with the approval of the Institutional Ani-
mal Care and Use Committee of Hokkaido University (approval number: 13-0051). Moreover,
all these procedures were carried out in accordance with the approved guidelines. Inbred
C57BL/6 mice were obtained from Sankyo Labo Service Corporation (Tokyo, Japan). The mice
were bred and housed under specific pathogen-free conditions before surgery, and housed
under P2 conditions after surgery at Hokkaido University Creative Research Institution Plat-
form for Research on Biofunctional Molecules. P2 means a level of isolation from natural envi-
ronment, that keeps the room in sterilized and safe condition. They were kept in cages at room
temperature (23°C + 2 °C) and humidity of 50% * 10%, under standard laboratory conditions
with a 12 h light/dark cycle. They were allowed unrestricted cage activity and ad libitum access
to food and water. Standard laboratory diet, Labo MR Stock (Nosan Corporation, Yokohama,
Japan) and sterilized tap water were provided as sources of food and water, respectively. All the
surgeries were performed under general anesthesia with ketamine 1.9 mg and xylazine 0.2 mg
intraperitoneal injection, and all animal suffering was minimized. After surgery, the mice were
monitored once in two days. During the experiment, five mice (which are not included in the
total of 106 mice) died within one to two days after surgery, presumably with respiratory
depression due to anesthesia or hemorrhage due to surgery. The protocol of early euthanasia/
humane endpoints for mice that were severely ill or moribund, as indicated by shivering and
respiratory distress with disability in walking suggestive of apparent distress, with no [ECOVery
expected, was intraperitoneal injection of 5 mg of pentobarbital sodium, However, none was
applicable. Except for the five mice that died, all mice exhibited good health and well-b eing
until the end of the experiment. They were euthanized with pentobarbital sodium intraperito-
neal injection.

One hundred six C57BL/6 mice {male, 54; female, 52) were operated under general anesthe-
sia. All the mice were 11 weeks old at the time of surgery. The [umbar spine was posterolater-
ally approached from the right side, and the L4/5 IVD was punctured with a 35-gauge (G) or
33G needle. Micro-CT scanning [3D micro X-ray CT R_mCT 2 (Rigaku, Tokyo, Japan}] was
performed, and the punctured region was confirmed throngh multiplanar reconstruction views
(Fig 1a). The regions in IVD were determined in order to identify the position of the needle,
which are as follows. First, the mid-sagittal diameter was divided into three parts: a concentric
ellipsoid that constituted the central region was described using boundary points. Second, the
peripheral region was divided into the ventral and dorsal regions. Third, the ventral, central,
and dorsal regions were defined (Fig 1b). The regions were space prescribed by the endplates.
The outer layer of AF that bulged from the endplates was not counted as the intervertebral
space. When the needle did not get punctured into the intervertebral space, the trial was
repeated until the needle hit the intervertebral space. We determined the position of the needle
by visually analyzing the multi-slice CT scan images. If the needle penetrated the central
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Fig1. The location of a needle in the intervertebral disc was evaluated using micro-computed
tomography scanning. (a) The punctured region was confirmed by multiplanar reconstruction views. (b)
The punctured region was defined as the ventral (V), central (C), or dorsal (D) region.

doi:10.1371fournal pone.0160486.9001

region, we designate the position of the needle as the ‘central region’, and in cases when the
needle partially penetrated the dorsal or ventral region, consensus was obtained for the desig-
nation of the region. Before closing the wound, the needles were removed and the mice were
euthanized one, two, four, eight, or 12 weeks after the surgery.

The mid-sagittal images of the punctured discs were qualitatively analyzed by using MRI to
evidence the degenerative changes. More precisely, T2-weighed mid-sagittal images of the
punctured discs were qualitatively analyzed by using a 7.0-Tesla MR scanner (Varian Unity
Inova; Varjan Medical Systems, Palo Alto, CA, USA) [1,17,20]. The degree of IVD was assessed
by using the Pfirrmann classification [21]. A quantitative analysis of the sagittal image slices
was also performed by using Analyze 10.0 software (AnalyzeDirect, Overland Park, KS, USA),
as reported previously {1,17,20]. To quantify the alterations in the NP, the MRI index (the
product of the NP area and the average signal intensity) was used [1,17,20]. Data were
expressed as percentages of the results obtained when using untreated, non-punctured control
discs [1,17,20]. The control was defined for the Pfirrmann grade as the value of L3/4 IVD and
for the MRI index as the average value of both L3/4 and L5/6 IVDs, All the image assessments
were performed by two independent blind observers, and the quantitative data were presented
as means of three evaluations.

After the MRI examinations, each IVD was fixed in 10% neutral buffered formalin solution
for 48 h, followed by decalcification with 10% EDTA for 2-4 weeks, and paraffin embedding,
Mid-sagittal sections were obtained and stained with safranin O-fast green. For the histological
analysis, four types of classification (for rabbits by Masuda et al. [11], for rats by Nishimura
et al. [22], for mice by Yang et al. [9], and our group (Fig 2)} were used to evaluate the degenera-
tion. For each classification type, the maximum points represent severe degeneration. The con-
trol was defined as the histological score of L3/4 IVD, All the histological assessments were
performed by two independent blind observers, and the quantitative data were presented as the
mean of three evaluations, Our internal studies of intra-/inter-rater reliability have shown excel-
lent kappa statistics for all measures regarding MRI and histological examinations (0.85-1.0).
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Intervertebral disc  Score Findings
Aunpulus  fibrosus

0 Normal

1 Midly serpentine (oot bulge beyond endplate edae)

o Moderately serpeotine
- (sBghily bulge beyond endplate edge)
Severely serpentine

3 (obviously bulge beyond endplate edge)

4 Seversly serpentine and ruptored

5 Indistinet

Nucleus  pulposus

oP) [} ‘Normal

1 Condensed
2 Existence of chondrocyte-like cells, residual NP matrix
3 Global existence of chondrocyte-ike cells

4 Mildly replaced by fibrous cartilaginous tissue

Moderately or severely replaced by fibrous

5 cartilaginous tissve

Degencration score= AF score + NP score.

Fig 2. The novel proposed histological grading score. Arrows indicate the serpentine findings in the
annulus fibrosus.

doi:10.1374/journal.pone.0160486.9002

The number of mice for each needle size and time point were as follows; ten for the 1-week,
fourteen for the 2-week, eleven for the 4-week, ten for the 8-week, and ten for the 12-week time
point for the 35G needle puncture; ten for the 1-week, ten for the 2-week, eleven for the 4-week,
ten for the 8-week, and ten for the 12-week time point for the 33G needle puncture. A sham
operation was defined as the posterolateral surgical approach without a needle puncture. The
number of mice stratifted according to sex in each time point of the 35G group were as follows:
1-week: female, 5; male, 5; 2 weeks: female, 10; male, 4; 4 weeks: female, 7; male, 4; 8 weeks:
female, 5; male, 5; 12 weeks: female, 5; male, 5; for the 33G group: 1 week: female, 5; male, 5; 2
weeks: female, 1, male, 9; 4 weeks: female, §; male, 5; 8 weeks: female, 5; male, 5; 12 weeks: female,
3; male, 7. For each time point there were four sham operations (fernale, 2; male, 2) (Fig 3).

Furthermore, statistical analyses were performed. A correlation analysis was used to evaluate
the MRI index relationships with the histological classification scores. The multiple regression
analysis was used to determine whether the postoperative time points and the punctured regions
were significant variables. Kruskal-Wallis test was used for comparison of each subgroup of
region with non-punctured control. Single regression analysis was used to determine whether
the postoperative time point is a significant variable for NP score or AF score of punctured IVD.
The Tukey HSD test was used for comparison of NP score at each time point. Single regression
analysis was used to determine whether the postoperative time point is a significant variable for
IVD height and width of punctured IVD. The Kruskal Wallis test was used to compare the 35G
and the 33G needle for Pfirrmann grades, MRI indexes, or our histological classification scores.

Results

The comparison of four histological classification scores

We firstly analyzed the score distribution according to four histological classifications. Fig 4
shows the data distributions of the 35G puncture group based on the histological classification

PLOS ONE | DOI10.1371/journal.pone.0160486  August 2, 2016 4712
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Sacnfice:- V:2C:5D:3 V:1C:6D:3

Sham group

n=16
Hn=4
"n=4
n=4]
Hn=4

Fig 3. The flowchart of the experiment indicating the time course and the case number. V, ventral region; C, central

region; D, dorsal region.

dai; 10.1371joumal.pone,0{60486,9003

scores. The score distribution of the classification by Masuda et al. [11] did not show normality,
with a skewness (8k) value of -1.27, Additionally, the score showed a ceiling effect, indicating
that it was inappropriate for the present mice IVD degeneration model. In contrast, the distri-
bution of the scores by Nishimura et al. [22]'s, Yang et al. [9]'s, and our classifications showed

Masuda et al.

({ull score 12)

O = MW oW

|
i

Nishimura et al.
(full score 5)

+

i 0

Yang et al.
(full score 8)

Our classification
(Tull score 10)

Fig 4. The comparlson of the histological elassifications. The distribution of scores in each classification. Red
brackets indicate the minimum ranges that include 50% of the data. The red and black dots of the classification score of
Nishimura et al.[22] indicate the outliers.

doi:10.137t/ournal.pone.0160486.9004
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normality, given that their Sk and kustosis (Ku) were Jess than 1.00 (Sk = 0.97, Ku = 0.66 by
Nishimura et al. [22], Sk = -0.69, Ku = -0.96 by Yang etal. [9], and Sk = -0.09, Ku = -0.72 by
our classification). However, the Sk of Nishimura et al. [22]'s classification was higher than
ours because their score had some outliers. In addition, compared to our classification, the
Nishimura et al. 22} score showed a floor effect and the Yang et al. [9] score showed a ceiling
effect. These results indicated that our classification could more precisely detect the gradual
progression of the degenerative changes (Fig 4).

Correlation analysis relating MRl index

In the correlation and the simple linear regression analysis relating the MRI index with our
classification, the results yielded p = -0.66 and R? = 0.44, showing that our classification yielded
a good correlation and linear fit with the MRI index (Fig 5).

In a scatterplot and probability ellipse analysis, the 50% confidence probability ellipse for
each punctured region were thin and well separated, indicating the good linear fit of our score.
In addition, our score showed significant correlation with the MRI index in the central and
dorsal regions with P values of 0.01 and 0.002, respectively (Fig 5).

Significant variable for inducing degenerative IVDs

Next, to identify the variables most predictive of degenerative IVDs, the following were tested
in the multiple regression analysis: punctured region (including ventral, central, and dorsal
regions) and time point. The results of the analysis revealed that not the “time point” but the
“punctured region” was predictive of the degenerative autcomes (Table 1).

We further analyzed the whole data regarding punctured region. Compared with the non-
punctured IVDs, those punctured through the central or the dorsal region showed significantly
higher Pfirrmann grade and lower MRI index. Similarly, on using our classification, the IVDs
punctured through the central or the dorsal region showed significantly higher histological
scores. For the IVDs punctured through the ventral regions, our histological score was

MRI index

10
Our classification score

Fig 5. Correlation analysis between our histological score and MRl index. The blue, black, and red dots
indicate the ventral, dorsal, and central region cases, respectively. Ovals indicate 50% confidence ellipse
with bivariate normal distribution of each region.

doi:10.1371journal pone, 0160486.5005
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Table 1, Multiple regression analysis to identify significant variable for the degenerative intervertebrat
discs.

Punctured region Time point

35G

Pfirrmann grade <0.01* 0.99

MRI index <0.01* 0.03%*

Classificationby us 0.04% 0.20
33G

Pfirmann grade <Q.01* 0.34

MRI Index <0.01* 0.13

Classification by us <0.01* 0.27

Numerical values Indicate p values.
*Statistically significant.
**Not significant as a result of Tukey HSD test.

€ol:10.1371/journal pone.0160486.1001

significantly higher compared with that for the non-punctured IVDs. However, in the MRI
analysis, no significant degenerative IVD difference was observed between the ventrally punc-
tured and the non-punctured control groups (Table 2) (Fig 6).

In addition to the total score, AF and NP scores were separately analyzed. The single regres-
sion analysis was used to determine whether the postoperative time point was significant variable
for NP score or AF score of punctured IVD excluding ventral puncture. For comparisons of NP
score of each time point, Tukey HSD test was used. There was no significant change in the AF
and NP scores, except that both 8- and 12-week NP scores were significantly higher compared to
1-week NP score in the 33G needle puncture group (data not shown). As for VD height and
width, the single regression analysis was also used to determine whether the postoperative time
point is significant variable for IVD height and width of punctured IVD excluding ventral punc-
ture. The 14/5 IVD punctured with either the 35G or the 33G needle showed an approximately
10% decrease in IVD height and approximately 20% (35G) or 30% (33G) increase in IVD width
1 week after the puncture compared to L3/4 non-punctured control IVD. However, there was no
significant difference in IVD height and width among each time point {data not shown),

Center of the nucleus pulposus (NP) was deviated dorsally in IVD

From the anatomical point of view, we measured the deviation of the NP center relative to the
IVD center in 77 intact mouse lumbar IVDs. To match the results of the punctured regions

Table 2. Punctured region and intervertebral disc degeneration compared to the cantrol.

Central region Dorsal region Ventral region
35G
Pfirrmann grade > Control* > Control * = Control
MRI index < Control ¥ < Control ¥ < Control
Qur classification score > Control * > Control * > Control *
33G
Pfirrmann grade > Control * > Contral ¥ > Control
MBI index < Control * < Controt * < Control
Our classification score > Control * > Control * > Control *
*p <0.05.
doi:10.1371fournal.pone.0160486.1002
PLOS ONE | DOI:10.1374/journal.pone.0160486 August2, 2016 7112
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Control

33G

35G

Fig 6, Punctured reglon and Intervertebral disc degeneration. Representative magnetic resonance imaging and
histological images at four weeks after puncturing with 35- and 33-gauge needles.

dai:10.1371fjournal pone.0160486.9006

based on the CT scan images and histological evaluations, the AF was measured on the space
prescribed by the endplates. After the NP position was determined visually, the measurement
was performed using Image ] software (National Institutes of Health, Bethesda, Maryland,
USA). The width of ventral AF, the dorsal deviation of the NP center relative to the IVD center,
and the width of the dorsal AF were caleulated as proportion relative to the major axis of the
IVD. The average amount of the NP deviation (7%) corresponded to the difference in width
between the average ventral (28%) and average dorsal AF (15%): the ventral site of AF is thicker
compared to the dorsal site (Fig 7),

Intervertebral disc degeneration and needle size

Based on either the MRI (Table 3) or the histological analysis by our classification (Table 4),
the IVD punctured with the 33G needle showed more degenerative changes compared with the
IVDs punctured with the 35G needle. Regarding the vascularization and mineralization of the
end plate, there was no certain findings in this puncture model (data not shown). In the sham
group, both the MRI and histelogical findings were normal,

Discussion

Although it is ideal to use an age-related IVD degeneration mouse model to investigate the
mechanisms of IVD degeneration, some genetically modified mice have short life spans
{23,24]. To overcome this limitation, an in vivo mouse IVD degeneration model induced by
needle puncture is needed. There may be a criticism that the IVD of a quadruped animal was

PLOS ONE | DCL:10.1371/journal.pone.0160486  August 2, 2016 8/12
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Fig7. The mid-sagittal slice ofthe lumbar intervertebral disc (IVD). The nucleus pulposus (NP) center
was deviated dorsally relative to the IVD center, In 77 intact mouse lumbar IVDs, the width of ventral annulus
fibrosus (AF), the dorsal deviation of the NP center relative to the IVD center, and the width of dorsal AF were
calculated as proportion relative to the major axis of the IVD, The average amount of NP deviation (7%)
corresponded to the difference in width between the average ventral (28%}) and the average dorsal AF {15%}):
the ventral site of AF is thicker compared to the dorsal site.

doi:10.1371/journal.pone.0160486.5007

used as an alternative to the bipedal human IVD. However, Elliott et al. [25] reported that the
mouse discs, when normalized for geometry, they represented well the mechanical properties
of the human lumbar spine. Their findings provided strong support for the use of the rodent
model in the study of human disc function, disease, and degeneration. In addition, they found

Table 3, Intervertebral dise degeneration and needie size.

35G 33G P
Pfirmann grade
1-week 2.50+0.71 3714111 0.03*
2-week 2.54+0.88 4.30+0.82 <0.01*
4-week 243%1.13 4.50+0.53 <0.01*
8-week 2.500.85 4.60£0.70 <0.01%
12-week 2.50+0.93 4,22+ 0.83 <0,01*
MRl index
1-week 0.71:0.14 0.470.11 <0.01% |
2-week 0.54 +0.23 0.34+0.09 0,01%
4-waek 0.62+ 0,29 0.34 £ 0.09 0.04*
8-waek 0.51£0.17 0.34+0.15 0.02%
12-week 0.49%0.20 0,34 +0.10 0.08
Ventral puncture data were removed from groups.
*Slatistically sfgnificant.
doi:10,1371/journal.pone.0160486.003
FLOS ONE | DOL:10.1371/journal.pone.0160486  August 2, 2016 9f12
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Table 4. Intervertebral disc degeneratlon and needle size.

35G 3G P
Qur classification score )
1-week 5.10£1.91 4.86 £ 1.57 0.73
2-week 4.15+1.82 6.30 £2.83 0,08
4-week 4.00 £3.00 670254 0.11
B-week 5.20 + 2.66 7.30+1.25 0.05%
12-week 2.8841.73 7.11£1.69 <0.01*

Ventral puncture data were removed from groups.

*Statistically significant.

doi:10.1371/journal pone.0160486.4004

that some geometrical and mechanical properties correlated with the animal body weight in
the lumbar spine but no parameter correlated in the tail spine, suggesting that the lumbar spine
is a more appropriate model of the bipedal human spine than is the tail spine. [25,26] This is
because the loading from the animal body weight may be transferred to the rodent lumbar
spine,

To our knowledge, there is only one report of mouse lumbar IVD degeneration model
induced by needle puncture [27]. However, there were some limitations to that study: short
duration of follow-up, small number of cases, and subjective histological evaluation [27]. In
addition, they punctured consecutive three discs in one mouse (L4/5, 5/6, 6/51}, and they eval-
uated the punctured status by using naked eye observation only [27]. In contrast, in our study,
the number of mice was greater than 10 for each time point, and the follow-up periods were of
up to 12 weeks. In addition, we used four histological classification scores. Only one lumbar
IVD per mouse was punctured, and the punctured status was verified by CT scanning,

Masuda et al. [11] were the first to establish a rabbit model of disc degeneration based on
puncturing the AF with a needle and evaluating the IVD degeneration by their original grading
system for histology. Nishimura et al. [22] also evaluated IVD degeneration by their original
grading system for rat IVD. Furthermore, Yang et al. [9] evaluated IVD degeneration by their
original grading system for mice IVD. In the present study, the classification by Masuda et al.
[11] showed a severe score even at early time points, In their classification, the AF grade
received the maximum score when 30% of the AF fibers were serpentine, and the NP grade
received the maximum score when NP was moderately condensed. In mice, those findings
commonly appeared at the early stage or in mild degeneration. In the sections “border between
the AF and NP” and “cellularity of the NP,” the same problem appeared. In the classification
by Nishimura et al. [22], scores were condensed to 0 to 2 points. In their classification, NP was
not evaluated. With reference to the mice, the degenerative changes in NP were drastic even in
the early stage, meaning that by excluding the NP from the evaluation of IVD degeneration
leads to underestimation. In the classification by Yang et al. [9], scores were condensed to 5 to
6 points, indicating that the classification could not differentiate severe degeneration. Conse-
quently, neither classification could detect the gradual progression of the IVD degeneration. In
contrast, our classification could classify precisely the gradual degenerative changes for mouse
AF and NP, and combine them as a total degeneration score.

In the present study, by using our histological score, the punctured IVD showed significant
degeneration irrespective of the punctured region. However, in the MRI analysis, there was no
significant degenerative IVD change between the ventrally punctured and the non-punctured
control groups. We also found that the ventral site of AF is thicker than the dorsal site. Thus,
the biomechanical effects of needle puncture on IVD degeneration is thought to be less severe.

PLOS ONE | DOL10.1371/ouimnal.pone.0160486  August2, 2016 16/12
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Furthermore, the center of NP was deviated dorsally in IVD. NP plays central role in the bio-
logical reaction in the IVD {1,17]. Due to these anatomical characteristics and subsequent bio-
mechanical/biological reasons, the degenerative change in the IVDs punctured through the
ventral region was significantly milder compared to those of the [VDs punctured through the
central or the dorsal region. To expand the versatility of the evaluation for IVD degenerative
change to the MRI analysis, we recommend that the central or dorsal region be punctured.

Based on previous reports [14,27], we established the needle sizes as 35G and 33G. Accord-
ing to Elliot et al. [14], the ratio of the needle diameter to the punctured IVD height needed to
exceed 0.4 to induce significant degeneration. Thus, in order to not destroy the IVD by a single
puncture and induce subsequent degeneration, 35G (ratio 0.5) and 33G (ratio 0.87) were con-
sidered as reasonable diameters. Considering the severity of IVD degeneration, we recommend
the use of the 35G model for the study of the [VD degeneration adjustment and the 33G model
for the study of the IVD regeneration.

The present results also showed that the “time point” was not a predictive variable of the
degenerative outcomes. Accordingly, the differences in Pfirrmann grades, the MRI indexes,
and our histological classification scores among the 1-, 2-, 4-, 8-, and 12-week points were not
significant. Therefore, we concluded that the mouse IVD degeneration induced by needle
puncture progressed drasticaily in one week and then plateaued. This result suggests that one
to two weeks of follow-up is sufficient for evaluating the degenerative outcome of the punc-
tured IVD,

In conclusion, this study investigated the IVD region by puncturing with a needle with
micro-CT scanning and the severity of the degeneration. Puncturing through the ventral region
may not induce efficient degeneration. To induce significant degeneration in the lumbar IVD,
the central or dorsal region should be punctured, In ary case, our classification can detect the
gradual progression of the degenerative changes, Based on the present results, researchers may
replace the micro-CT scanning with high-resolution fluoroscopy for assistance in puncturing
the central or dorsal region.
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Abstract

BACKGROUND CONTEXT: Controversy exists regarding the effects of multilevel facetectomy
and serew density on deformity correction, especially thoracic kyphosis (TK) restoration in adoles-
cent idiopathic scoliosis (AIS) surgery.

PURPOSE: This study aimed (o evaluate the effects of muitilevel facetectomy and screw density
on sagittal plane correction in patients with main thoracic (MT) AIS curve.

STUDY DESIGN: A retrospeciive correlation and comparative analysis of prospectively collect-
ed, consecutive, non-randomized series of patients at a single institution was undertaken.
PATIENT SAMPLE: Sixty-four consecutive patients with Lenke type | AIS treated with posteri-
or correction and fusion surgery using simultaneous double-rod rotation technique were included.
OUTCOME MEASURES: Patient demographics and preoperative and 2-year postoperative ra-
diographic measurements were the outcome measures for this study.

METHODS: Multiple stepwise linear regression analysis was conducted between change in TK (T5—
T12) and the following factors: age at surgery, Risser sign, number of facetectomy level, screw density,
preoperative main thoracic curve, flexibility in main thoracic curve, coronal correction rate, preop-
erative TK, and preoperative lumbar lordosis. Patients were classified into two groups: TK<15° group
defined by preoperative TK below the mean degree of TK for the entire cohort (<15°) and the TK=15°
group, defined by preoperative TK above the mean degree of kyphosis (215°). Independent sample
7 tests were used to compare demographic data as well as radiographic outcomes between the two
groups. There were no study-specific biases related to confiicts of interest.

RESULTS: The average preoperative TK was 14.0°, which improved significantly to 23.1° (p<.0001)
at the 2-year final follow-up. Greater change in TK was predicted by a low preoperative TK (p<.0001).
The TK <I5° group showed significant correlation between change in TK and number of facetectomy
level (r=0.492, p=.002). Similarly, significant correlation was found between change in TK and screw
density (r=0.333, p=.047). Conversely, in the TK >15° group, correlation was found neither between
change in TK and number of facetectomy level (,=0.047, p=.812), nor with screw density {r=0.030,
p=.880). Furthermore, in patients with preaperative TK<15°, change in TK was significantly corre-
lated with screw density at the concave side (r=0.351, p=.036) but not at the convex side (r=0.144,
p=402).
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CONCILUSIONS: In patients with hypokyphotic thoracic spine, significant positive correlation was
found between change in TK and multilevel facetectomy or screw density at the concave side. This
indicates that in patients with AIS who have thoracic hypokyphosis as part of their deformity, the
abovementioned factors must be considered in preoperative planning to comrect hypokyphosis. © 2016

Elsevier Inc. All rights reserved,
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Screw density; Thoracic kyphosis

Adolescent idiopathic scoliosis; Facetectomy; Lenke type 1 scoliosis; Posterior spinal correction and fusion;

Introduction

Posterior spinal correction and fusion with segmental
pedicle screw (PS) instrumentation is currently used for the
correction of many types of scoliosis. Patients with a primary
thoracic adolescent idiopathic scoliosis (AIS) are typically
hypokyphotic relative to non-scoliosis patients [1]; there-
fore, restoration and maintenance of normal sagittal contour
as well as satisfactory coronal correction of the main tho-
racic (MT) curve have been receiving increased attention of
late [1-4]. Thoracic hypokyphosis of less than 20° has been
correlated with decreased pulmonary function [5]. However,
recent studies have reported that PS constructs to maximize
scoliosis correction canse further lordosis of the thoracic spine
[4,6,7]. These patients would not only demonstrate further
decrease of pulmonary function but also show a flat back
leading to progressive decompensation and sagittal imbal-
ance [1,8]. Preservation of thoracic kyphosis (TK) is critical
to maintain lumbar lordosis after surgical treatment of AIS
[1]. To overcome these issues, Ito et al. [9] and Sudo et al.
[10,11] recently developed a very simple surgical technigque
called the simultaneous double-rod rotation technique
(SDRRT) for correcting AIS. In this technique, two rods are
connected to the screw heads and are simply rotated simul-
taneously to correct the scoliosis, while TK is maintained or
improved. Moreover, hypokyphotic rod deformation is pre-
vented with dual-rod derotation compared with that with single-
rod derotation [9-11].

Posterior distraction at each concave-side spinal segment
is important for optimal correction in both coronal and sag-
ittal planes [10,11]. In addition, some studies investigated the
correlation between scoliosis curve correction and destabi-
lization procedures, such as multilevel facetectomy [12], or
scoliosis correction and the number of fixation anchors, such
as PS density [13-16]. However, controversy exists regard-
ing the effects of facetectomy and screw density on deformity
correction, especially TK. restoration in AIS surgery [16]. The
purpose of this study is to evaluate the effects of multilevel
facetectomy or screw density on sagittal plane correction in
patients with MT AJS curve treated with SDRRT,

Materials and methods

After institutional review board approval, data from 64 con-
secutive patients (7 males, 57 females) with Lenke type 1 AIS
curves were retrospectively evaluated; the patients under-

went posterior MT curve cormrection using SDRRT with a
minimum 2-year follow-up from June 2008 to September 2015
at our institution. Exclusion criteria included syndromic (n=14),
neuromuscular (n=6), and congenital scoliosis (n=14), and
the presence of other thoracic scoliosis curves such as Lenke
type 2 double thoracic curves (n=25). No case was lost to
follow-up. The average age and Risser sign at surgery were
14.8 (range, 10-20) and 3.6 (range, 0-5) years, respectively
(Table 1).

Standing long-cassette posteroanterior and lateral radio-
graphs were evaluated for multiple parameters before surgery
and at the 2-year follow-up. Main thoracic curve flexibility
was evaluated using preoperative supine bending radio-
graphs. Coronal and sagittal Cobb measurements of MT curves
were obtained. The end vertebrae levels were determined on
preoperative radiographs and measured on subsequent ra-
diographs to maintain consistency for statistical comparisons
{10,11]. Sagittal measurements included TK (T5-T12) and
lumbar lordosis (L1-S1) [10,11].

The number of facetectomy levels was counted, and screw
density was expressed as the number of screws per level in-
strumented for each patient.

Surgical technique

Fusion level selection was based on both standing and
bending films, and instrumentation levels were determined
from end-to-end vertebrae on standing films in most cases.
Vertebrae without rotation on bending films were selected as
the lowest instrumented vertebra [10]. Surgeries were per-
formed as described previously [9-11]. In brief, after exposure
of the posterior spinal elements, side-loading polyaxial PSs
(USS I Polyaxial, DePuy Synthes, Raynham, MA, USA) were
placed. If PS placement was difficult at the most cephalad
vertebra because of its narrowness, a transverse process hook
was used. After a2 multilevel facetectomy, two rods measur-
ing 6 mm in diameter were bent to the anticipated TK. After
connecting the two rods to all screw heads, the rod on the
concave side should be rotated gently with two rod holders.
The convex rod will automatically rotate following the ro-
tation of the concave rod in flexible curves, However, for rigid
curves, the assisting surgeons should rotate the rod on the
convex side simultaneously to make rod rotation smoother
and safer. After 90° rod rotation, several screw heads were
tightened to lock the rods. Distraction force was first applied
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on each screw head on the concave side of the thoracic curve,
such that not only scoliosis but also TK could be corrected
more effectively by lengthening the posterior column. Then,
compression force was applied segmentally on the convex
curve, An in situ red-bending maneuver was not conducted
during the surgery. Local bone grafting followed decortica-
tion of the laminae. A brace was not required in any patient.

Table 1
Demographic characteristics and clinical features of the subjects

Meantstandard

deviation Range

Age at surgery (y) 14.812.3 1010 20
Risser sign {grade) 3.6+14 Qto 5

No. vertebrae in fusion 10.2+1.5 71013
Screw density (no. of screws/level [.740.2 07102

instrumented)

Preoperative main thoracic Cobb {°) 62.0£10.0 451090
Flexibility in main thoracic curve (%) 61.3£13.8 311093
Postoperative main thoracic Cobb (°) 17.246.2 410 31
Coronal correction rate (%) 72.3+8.0 551092
Preoperative thoracic kyphosis (T5-T12) (°)  14.049.6 —4 1055
Postoperative thoracic kyphosis (T5-T12) (°) 23.1£5.3 131030
Change in thoracie kyphosis (T5-T12) (%) 9,1£8.9 311024
Preoperative lumbar lordosis (L1-581) () 51.5£11.7 191075
Postoperative [umbar lordosis (L1-51) (%) 53,2393 24070
Change in lumbar lordesis (L1-S1) () 1.3%8.9 =201t0 32

-192-

Statistical analysis

All data are expressed as meantstandard deviation, Mul-
tiple stepwise linear regression analysis was applied to control
possible confounding variables and to identify variables in-
dependently predictive of change in TK (at 2-year follow-
up, preoperative measurements). The following covariates were
tested in the multivariate regression analysis: age at surgery,
Risser sign, number of facetectomy level, screw density, pre-
operative MT curve, flexibility in MT curve, coronal correction
rate, preoperative TK, and preoperative lumbar lordosis. Sig-
nificant multivariate predictors of ¢change in TK are reported
with their respective predictive equations, including the in-
tercept and regression coefficients (). Model fit was assessed
by the goodness-of-fit F¥ test and R? statistic. Independent
sample f tests were used to compare between-group differ-
ences in demographic data. Pearson correlation coefficient and
Spearman correlation coefficient analysis were used to assess
relationships between change in TK and number of
facetectomy level or screw density. Data analyses were per-
formed using IMP statistical software for Windows (version
12; SAS, Inc., Cary, NC, USA). p<.05 was considered sta-
tistically significant.

Resulis

Demographic data are summarized in Table 1. On average,
10.2 vertebrae were instrumented in the 64 patients. The
average screw density was 1.7. The average precperative MT
curve was 62.0° The average preoperative MT curve flexi-
bility on bending radiographs was 61.3% (range, 31%—
93%). Postoperative radiographs showed an average MT curve
of 17.2° The average MT curve correction rate was 72.3%
(range, 55%-92%). Sagittal plane analysis revealed that the
average preoperative TK was 14.0° (range, from —4° to 55°),
which improved significantly to 23.1° (range, 13°-30°;
p<.0001) at the 2-year final follow-up. The average change
in TK was 9.1° (range, from —31° to 249). Other data re-
garding lumbar lordosis are also presented in Table 1.

Multiple stepwise linear regression analysis indicated that
two variables were independently predictive of change in TK:
number of facetectomy leve! and preoperative TK. The model
fit the data well (goodness-of-fit F test=27.010, R*=0.871,
p<.0001), indicating that approximately 87% of the varia-
tion in change in TK was explained by the two significant
independent predictors. Specifically, greater change in TK was
predicted by a low preoperative TK (p<.0001) (Table 2).

Subgroup analysis

The cohort was then divided into two groups on the basis
of preoperative TK. The preoperative TK<15° group was
defined by preoperative TK below the mean degree of the ky-
phosis for the entire cohort (<15°). The preoperative TK>15°
group was defined by preoperative TK above the mean degree
of the kyphosis (215%). The TK<15° group consisted of 36
patients, whereas the TK>15° group had 28 patients. Both
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Table 2
Associations between various facters and change in thoracic kyphosis (°) using multiple stepwise linear zegression analysis

Regression Standard 95% Confidence Standardized

coefficient emror interval ¢ B p
Constant 17.431 12.550 (-7.933, 42.794) 1.39 — 173
Age at surgery (¥) -0.104 0.509 (—1.132,0.924) ° -0.20 -0.023 839
Risser sign (grade) -0.193 0.676 (-1.560, 1.173) -0.29 -0.028 7763
Number of facetectomy level (no.) 0.568 0.212 (0.239, 1.097) 3.15 0.2116 .003
Serew density (no. of screws/level instamented) =2.120 3.349 (-B.888, 4.649) -0.63 -0.043 530
Preoperative main thoracic Cobb (7) -0.067 0.071 (-0.2111, 0.077) -0.94 ~0.076 351
Flexibility in main thoracic curve (%) 7.620 413 (=0.731, 15.971) 1.84 0.118 073
Coronal correction rate (%) 0.033 0.025 (—0.018, 0.085) 1.32 0.087 193
Precperative thoracic kyphosis (T5-T12) (%) -0.789 0.066 (—0.922, -0.656) -12.00 -0.841 <0001
Preoperative lumbar lordosis (L1-51) {°) -0.048 0.087 (-0.224,0.128) -0.55 -0.061 586

groups were similar at baseline with respect to the
following parameters: age, Risser sign, preoperative MT Cobb
angle, flexibility of MT curve, and correction rate of MT Cobb
angle. In addition, no difference was found between the groups
regarding number of facetectomny level and screw density. Con-
versely, significant difference was observed between the groups
regarding change in TK (p<.001) and preoperative Jnmbar lor-
dosis (p=.018) (Table 3).

The TK<15° group showed significant correlation between
change in TK and number of facetectomy level (Pearson:

Table 3
Comparison of two groups

Preop Precp

thoracic thoracic

kyphosis kyphosis

<15° 2i5°

(n=36) (n=28) P
Age at surgery 14.9+2.2 14.742.5 689
Risser sign 3.8+1.2 3.3+1.7 .182
Preoperative Cobb angle 60.3::8.9 64.1£11.0 129
Flexibility of thoracic carve (%) 63.6£12.9  58.2+144 JA19
Cormrection rate of Cobb angle (%) 73.249.7 71,148.1 378
Change in thoracic kyphosis 13.746.1 3.348.5 <.001
Preoperative lumbar lerdesis 484+11.4  554+11.3 .018
Postoperative lumbar lordosis 53.049.6 53.049.0 998
Number of facetectomy level 5.0+2.9 5.342.8 756
Screw density 1.840.3 1.740.2 060
Table 4

Correlation analysis between change in thoracic kyphosis (*) and variable

1=0.492, p=.002; Spearman: 1=0.541, p=.007). Similarly, sig-
nificant corre]ation was found between change in TK and screw
density (Pearson: 1=0.333, p=.047; Spearman; r,=0.397,
p=-016). Conversely, in the TK215° group, carrelation was
found neither between change in TK and number of
facetectomy level (Pearson: r=0.047, p=.812; Spearman:
1=0.155, p=431), nor with screw density (Pearson: r=0.030,
p=.880; Spearman: £,=0.110, p=.576) (Table 4).

Finally, correlation analysis was conducted between change
in TK and screw density in the TK<15° group. Change in TK
was significantly correlated with screw density at the concave
side (Pearson: =0.351, p=.036; Spearman: »=0.318, p=.058),
whereas no correlation was found between change in TK and
screw density at the convex side (Pearson: r=0.144, p=.402;
Spearman: r,=0.122, p=480) (Table 5).

Discussion

Given that thoracic AIS is often associated with a preex-
isting reduction in TK,, ideal surgical correction should address
this deformity [1]. However, posterior spinal correction and
fusion using segmental PS has decreased ability to restore ky-
phosis in hypokyphotic thoracic cases [4,6,17]. Lowenstein
et al. [4] reported that the PS system decreased TK by an
average of 10°, whereas Kim et al. [6] reported an average
decrease of 9°. In addition, when using the direct vertebral
rotation technique to decrease rotational deformity around the

Pearson correlation coefficients

Spearman correlation coefficient

Correlation Statistical Cormrelation Statistical

Variable MeantSD Range coefficient 95% CI significance  coefficient  95% CI significance
Preoperative thoracic kyphosis <15°

Number of facetectomy level {no.) 5.0+2.9 3-11  =0.492 (0.196, 0707y p=.002 =0.541 (0.287,0.752) p=.007

Screw density {no. of screws/leve]l  1.840.3 0.7-2 r=0333 (0.048, 0.596) p=.047 r;=0.397 (0.088,0.647) p=016

instrumented)

Preoperative thoracic kyphosis 215°

Number of facetectomy level (ne.)  5.3+2.8 3-10 r=0.047 (-0.332,0413) p=2812 1=0.155 (-0.194,0.528) p=431

Screw density {no. of screws/level  1.740.2 1.2-2  r=0.030 (-0.347,0399) p=.380 1=0.110 (-0.336,0.409) p=.576

instrumented)

SD indicates standard deviation; CI, confidence interval.
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Table 5

Correlation analysis between change in thoracic Iyphosis (°) and screw density in patients with preoperative thoracic kyphosis <15°

Pearson comrelation coefficients

Spearman correlation coefficient

Correlation Statistical Correlation Statistical
Variable MeantSD  Range coefficient 95% CI significance  coefficient  95% CI significance
Concave side screw density (no. of  0.940.2 03-1 r=0351 0.026,0.610) p=.036 r~0.318 (0.049,0.624) p=058
screws/level instrumented)
Convex side screw density (no. of  0.940.1 0.5-1 1=0.144 (-0.193,0452) p=402 r=0.122 (—0.239,0413) p=480

screws/level insttumented)

SD, standard deviation; CI, confidence interval,

apex of the thoracic curve, the major applied force pushes
the thoracic hump downward to decrease vertebral rotation
deformity, which eventually causes dekyphosis of the tho-
racic spine [10].

Conversely, in SDRRT, once the two rods are connected
to the screw heads, they are simply rotated simultaneously,
resulting in correction of spinal deformity in the coronal and
the sagittal planes without using the in situ rod-bending tech-
nique [9-11]. Two contoured rods carry the tips of the two
screw heads upward and medially to the concave side of the
curve, which does not exert any downward force on the ver-
tebral body [9,10]. Both polyaxial screw head and simultaneous
double-rod rotation are key to the current technique. Fric-
tional force at the screw-rod interface is decreased, and there
is little chance of screw cutout laterally. This technique pro-
vided derotation of the apical vertebra as well as restoration
of thoracic kyphosis leading to rib hump correction without
additional costoplasty. The present study showed that a pre-
operative TK. of 14° increased significantly to 23° at the 2-year
follow-up.

Removing the facets and soft tissues between the poste-
rior elements has been indicated to allow greater distraction
abilities along the length of the posterior column; however,
it is still unclear whether these posterior releases positively
affect the sagittal profile of a hyphokyphotic thoracic spine
[1]. Halanski and Cassidy [12] documented that no signifi-
cant difference was observed between multilevel facetectomy
and coronal or sagittal correction in thoracic AIS surgery.
However, they also indicated that under certain circums-
stances, such as an extremely stiff curve or kyphoscoliotic
deformity, the osteotomy may prove to be very useful [12].
Using three-dimensional-finite element analysis, Abe et al.
[18] also reported that mobilization of spinal segment by re-
leasing soft tissue or facet joint could be more important than
using a stronger correction maneuver with a rigid implant.
In the present study, the nurnber of facetectomy level was an
independent predictor of change in TK. In addition, in pa-
tients with hypokyphotic thoracic spine <15°, significant
correlation was found between change in TK and number of
facetectomy level. The present results indicate that multilev-
el facetectomy is an important factor to restore TK in patients
with hypokyphotic thoracic spine.

Another possible factor to optimize correction may be screw
density. Larson et al. [14] documented that improved per-
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centage comrection of the major coronal curve was noted in
the high-screw density cohort. Conversely, some authors have
demonstrated successful results with low-density instrumen-
tation for the treatment of scoliosis [13,19-21]. In addition,
Clements et al. [22] reported an advantage in Jumbar and tho-
racic coronal curves on using screws, compared with hooks,
although the absolute number of screws used did not corre-
late with correction. In our study, there was significant
correlation between MT coronal curve correction and screw
density (r=0.296, p=.018). In addition, significant correla-
tion was observed between MT coronal curve correction and
screw density at the concave side (r=0.495, p<.001). However,
no significant correlation was observed between MT coronal
curve correction and screw density at the convex side (-=—0.150,
p=.237). Recently, similar results were reported that only in-
strumentation at the concave side, particularly at the apical
region, was asseciated with coronal curve correction [15].

As for TK, the effect of implant density on sagittal plane
correction and TK restoration has been reported in only a few
studies, and the results have been controversial [3,14,16].
Lonner et al. [3] reported that a greater percentage of screws
in the construct was related to decreasing kyphosis at 2 years
postoperatively (r=—0.18, p=.03). Larson et al. [14] also re-
vealed that decreased TK was found with increased screw
density for Lenke type 1 and 2 curves. Conversely, Liu et al.
[16] documented that higher screw density provided better
TK restoration than low screw density. In the present study,
in patients with preoperative TK<15°, significant positive cor-
relation was found between change in TK and screw density,
whereas no correlation was found in patients with TK=15°,
suggesting that screw density had a positive effect on TK res-
toration in patients with hypokyphotic thoracic spine.

In the current study, in patients with preoperative TK<15°,
change in TK was significantly correlated with screw density
at the concave side, whereas no correlation was found with
the screw density at the convex side, Liu et al. [16] also re-
ported similar results although they did not perform correlation
analysis between change in TK and screw density. Salmingo
et al. [23] recently analyzed the changes of the implant rod’s
angle curvature during AIS surgery and showed that implant
rod curvature greatly influences sagittal curve correction. In
addition, they revealed that the implant rods at the concave
side of deformity were significantly deformed after surgery,
whereas rods at the convex side did not have significant
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deformation, suggesting that corrective forces acting on that
side are greater than those on the convex side [23]. From a
mechanical point of view, the translational and rotational dis-
placement required for correction at the concave side is always
greater than at the convex side, which also results to greater
corrective forces at that side [23]. If this corrective force is
stronger than the resistant force from the spine and greater
than the pullout force from the screw—bone interaction, the
spine would follow the shape of the rod [16]. Increased frie-
tion at the screw-rod interface that occurs with higher screw
density at the concave side would prevent flattening of the
contoured rod in the sagittal plane after rod rotation [16]. Due
to the aforementioned reasons, the present study indicates that
concave-side, rather than convex-side, screw density had an
impact on not only scoliosis correction but also TK restoration.

There are some limitations to this study that should be ad-
dressed. First, we did not analyze the relationship between
rod deformation during surgery and multilevel osteotomy and
screw density. We are now collecting pre-bent and postop-
erative rod geornetries from intraoperative tracing of the rod
geometry and postoperative three dimensional-computed to-
mography images, respectively. Second, the relationships
between multilevel osteotomy and screw density and clini-
cal symptoms remain unclear.

Conclusions

In the patients with hypokyphotic thoracic spine, signif-
icant positive correlation was found between change in TK
and multilevel facetectomy or screw density at the concave
side. The results indicated that in patients with AIS who have
thoracic hypokyphosis as part of their deformity, these factors
must be taken into account in the preoperative planning to
correct hypokyphosis.
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ORIGINAL ARTICLE ‘ :
A radiographic evaluation of facet sagittal angle in cervical
spinal cord injury without major fracture or dislocation

T Takao!, K Kubota?, T Maeda!, § Okada?, Y Morishita!, E Mori!, I Yugue!, O Kawano!, H Sakai!,
T Ueta! and K Shiba!

Stutly Design: A retrospective radicgraphic study with a minimum 2-year follow-up. )
Chiective: To evaluate the relationships between the cervical articular facets” morphology and the incidence of traumatic cervical

. spinal cord injury (CSCI) without major fracture or dislocation.
i Sefting: Spinal Injuries Center, Japan.

Methods: This study incltided 113 patients with traumatic CSCI without major fracture or dislocation. Eighty-four healthy volunteers
without heurological deficits or cervical cord patholdgy on magnetic resonance imaging (MR} were defined as control subjects. We used
a plain sagittal radiograph to measure the facet sagittal angles (FSA) at four cervical segments in all the CSCI patients and contrals.
We defined the FSA as the angle between the inferior margin of the superior cervical spinal body and the inferior articular process of the
superior vertebra,

Results: Most frequent incidence of CSCI was seen at C3-4 segment (54%): With respect to CSCI at C3-4 segment, 56.7% of the
subjests showed smallest FSA at C3-4 segmient.

Conclission: Most of the traumatic GSCI at €3-4 segment showed raised cervical articular facets at C3-4 segment. On the basis of
our resuits, we hypothesized that the raised cervical articular facets might have an important role in the etiology of traumatic CSClL.
The cervical spinal cord at the C3-4 segment might receive the highest load during acute hyperextension of the cervical spine because

of the €3-4 articular facets' morphology.

Spinal Cord {2017) 55; 515-517; doi:10.1038/5¢.2016.172; published online 20 December 2016

INTRODUCTION

The incidence of traumatic cervical spinal cord injury (CSCI) without
major fracture or dislocation has increased in developed countries
because of the increasing elderly population.! Most patients with CSCI
are elderly and presented with spinal hyperextension predominantly at
the C3-4 level? Several studies have reported that the cervical spinal
cord at the C3—4 segment. might receive the highest load during acute
hyperextension of the cervical spine®> We previously studied about
the relationships between spinal canal diatneter and pathophysiology
of traumatic CSCI without major fracture or distocation.” In the
study, the narrow spinal canal might be an important tisk factor for
the incidence of traumatic CSCL However, we could not find the exact
etiology why most of traumatic C3CI occurred at the C3—4 segment.
To our knowledge, few reports, included in our previoiss study, have
described the biomechanical etiology of traumatic CSCI without major
fiacture or dislocation; and this remains undlear.

Through our previous studies, we hypothesized that the
development of traumatic CSCI without major fracture or dislocation
was associated with cervical articular facets’ morphology. In the study,
we measured the cervical facet sagittal angle by using a plane
radiograph in the sagirtal plane. The aim of the present study was
to evaluate the relationships between the cervical articular facets’
morphology and the incidence of traumatic CSCI without major
fracture or dislocation,

MATERIALS AND METHODS

Study population

From 2005 ta 2011, 194 patients with traumatic CSCI withiout myjor fracture
or dislocation were treated in our facility, Al these patients underwent
functional plain radiography, computed tomography, magnetic resonance
imaging (MR]) on the cervical spine and neurological examination by a senior
spine surgeon at the time of admission, All the subjects were admitied to our
facility within 2 days of trauma, and had evidence of CSCI with cervical
intramedullary intensity change on T2-weighted MRL The following subjects
were excluded from this study: patients with multiple segmental cervical cord
Injuries, existing cervical myelopathy before trauma, apparent herndated disc at
the injured segment, severe instability at the injured segment on finctional
radiography, or ankylosing spondylitis ar cervical spine.

In this study, 113 patients (101 men and 12 women; mean age, 62 years
(range, 22-588 years}) with traumnatic CSCI withaut major fracture or dislocation
were included. O these, 3 subjects had an injury at the C2-3 segrnent, 61
subjects had an injury at the C3-4, 32 subjects had an injucy at the C4~5, 13
subjects had an injury 4t the C5-6 and 4 subjects had an injury at the C6-7.
Eighty-four healthy volunteers (HV) (51 men and 33 women; mean age, 51
years (range, 28-86 years)) without neurological deficits or cervical cord
pathology on MRI were defined as control subjects. Ma significant difference in
age was found bietween CSCI and HV groups. The summaries of traumatic
CSCI patients and HV are shown in Table 1.

Institutional review board approval was granted and informed consent was
obtained from all of the patients;

Ibepariment of Orthepaedic Surgery, Spinal Injudes' Center, lzuka, Japan and 2Pepariment of Orthopaedic Surgery, Kyushu University, Fukucka, Japan
Cerregpondence: Dr T Takao, Deparirment of Orthopedic Sirgery, Spinal Injudes Cente, 550-4 |gisy, lizuka 820-0053, Japan.

E-mail: ksuneaki@ins.ocn.nejp
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Measurement of the facét sagittal angle in the sagittal plane

We uised a plain radiograph in the sagittal plane to measure the facet sagittal
angle (FSA) at four cervical segments (C3—4, C4-5, €56 and C6-7)*in all of
the CSCI patients and controls. We defined ESA as the angle betiveen the
inferior margin of the supedor cervical spinal body and the inferior articular
process of the superior vertebra {Figure 13

Statistital analysis _
The Mamn-Whitney U7 test end Fisher's cxact test were used for statistical
amalyses, A Povaluc of <0.05 was considered statistically significant,

RESULTS _

In the present series, the incidence rates of traurmatic CSCI without
major fracture or dislocation at the C2-3, C3-4, C4-5; C5-6 and C6-7
segements were 2.7; 54; 28.3, 115 and 3.5%, respectively. Most
frequent incidence of CSCI was seen at C3—4 segment.

The mean values of the FSA at the four cervical segments for the
subjects with traumatic CSCI and HV are shown in Table 2.
When compared with traupiatic CSCI and HYV, there were mo
significant differences at all of the segments, Among all the segments,
except C6-7, the C3-4 segment had 3 significantly smaller: FSA than
the C4—5 and €5-6 segments in both groups. (Figures 2 and b}.

The relationships between the incidence of traumatic CSCI without
major fracture or dislocation and the morphology of cervical articular
facets are shown in Table 3. 55.7% of the C3-4 SCI showed smallest

Table 1 The patients with traumatic cervical spinal cord injury {CSC1)
and heaithy volunteers (HV)

Traumatic CSC! HY
No, {#4:F) 113 (101:12} 84 (51:33)
Average age 62 {22-88) 53] (28_—86)

Ablireviations: CSCE, cervical spinal coid injury; HY, healthy volunteers.

Facet sagittal angle

Figure 1 Facét sagittal angle (FSA). We defined the FSA as angle between
the inferior margin. of the superior cervical spinal body and the inferior
articular process of the superior vertebrae.

FSA.at the C3—4 sement. Moteover, with respect to C3—4 SCI, the
Table 2 The,average values of the FSA at the four cervical segments

C3-4 FSA was significantly smaller than those at the C4-5 and €56
segments (P=0.0195, Fisher's exact test).

DISCUSSION

Several studies have reported the frequent incidence of traumatic CSCL
at the level of C3-4-segment in the Japanese population.® We believe
that morphological differences between the cervical segments may
contribute to the mechanism of traumatic CSCl. Wayashi et al.’
reported that the cervical spine of the older subjects displayed
narrowing of intervertebral discs, and osteophytes at the levels of
C5-6 and C6<7, where range of motion was decreased. Such
degenerative changes resulted in retrolisthesis predominantly at the
levels of C3~4 and C4-5, where intervertebral disc space was' well
maintained and mobility was well preserved. Moreover, Koyanagi
et al.19 hypothesized that the restricted intervertebral movement of the
lower cervical segrients due to degenerative changes might in fact
protect the spinal cord at these segments from fraumatic injury.
Therefore, the upper segments (C3—4 or C4-9) rostral to the fixed
segments might be damaged with cervical spinal hyperextension.
However, through our experiences, ndt only elder patients bt als6
mdny younger patients without degenerative changes in the. Jower
cervical segments developed CSCI at the C3—4 segment. On the basis
of this factor, we could not agree with their liypothiesis. Imajo ef al!
reported that the C3—4 finite element model with 60° facet was most
susceptible to- CSCI without radiological abnormality and that: the
bony pincers mechanism was dependent on facet joint ineclination.

a8  traumaticCSCl b healthy volunteers
& &

140 » 140 A

135 135

facet sagitial angie
ey
8

34 c4fs
* n < 0,01, Mann-Whitney-U test

Figure 2 The FSA at the thiee cervical segments for the subjects with
travmatle €SC! without major fracture or dislocation (a) and the healthy
volunteers (b}, Among all the segments, except £6-7, the £3-4 segment had
a significantly simaller FSA than the C4-5 and C5-6 segments in both
£roups.

Table 3 The relationships between the incidence of traumatic C5CI
without major fracture or dislocation and the morphology of cervical
articular facets

Facet sagittal angle (FSA) (*) Injufed segment  Ne. . Smallest FSA
€3~4 e4-5 C5-6 £6-7 ) C3-4 ca-5 €5-6
csCl 1'3.'31.]4&6 136—_1; 8.7 135;2 6.2 128.446.5 03_4 51 34 (B5.7%) 11 {18%) 16 {26.3%0)
S a ns-
HY 1306259 1341459 1324456 1248262 OF0 31 13(41.9%)  8(58%  10(323%)
€5-6 13 & (41.1%) 5 (38.5%)

Abbeeviations: CSCI, cervical spina! cord Jisjury; HY, healthy valuntesrs; s, nat significant.
Mann-Whitney U test was used for this statistical znalysis.

Spinal Card

2 (15.4%}

Abbreviation: FSA, facel sagitizl angle,
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On the other hand, Morishita et 2l reported that the cervical
spinal cord at the C3—4 segment might receive thé highest bony
impingement load during acute hyperextension of the cervical spine.
We previously studied about the relationships between cervical spinal
canal diamieter: and the incidence of tfaumatic CSCT without major
fracture or dislocation.5” However, we-could not find the sigpificant
telationships betweeri cervical spinal canal diameter and the incidence
of traumatic CSCI w:thout major fracture or dislocation. Those
published papers could nof indicate the exact biomechanical etiology
of tranmatic CSCI without niajor fracture or dislocation.

The FSA at the C3—4 segment demonstrated significant smaller
angle when compared with the C4-5 and C5-6 scgments. Moreover,
most of traumatic CSCF at the C3—4 segment showed smallest FSA at
the C3-4 segment. On the basis of our results, we hypothesized that
the raised cervical articular facets might have an important role in the
etiology of raumatic CSCI without major fracture or dislocation. The
cervical spinat cord at the C3—4 segment might receive. the highest
mechanical stress during acute hyperextension of the cervical spine
because of the C3~4 articular facets’ morphology.

Some issues remain unaddressed in this study. In the study, the
C6—7 FSA was smallest among the cervical segments. However, we
could not discuss the affects of C6-7 articular facets’ morphology on
the etitlogy of traumatic CSCI. Using the present, investigation as the
pilot study, further research that uses anmatomical anmalysis of
the cervical spinal column with a larger patient population may help
shed light on these issues. Moreover, the biomechanical etiology of
traumatic CSCI without major fracture or dislocation should be
clarified in quite some detail.

Facet sagittal angle in CSCI
T Takao ¢t af
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ORIGINAL ARTICLE
Risk factors for severe dysphagia in acute cervical spinal
cord injury

T Hayashi!, Y Fujiwara?, H Sakai', T Maeda!, T Ueta! and K Shibal

Study design: A retrospective, consecutive case series.

Objectives: The relationship between dysphagia and acute cervical spinal cord injury (CSCI) has been recently reported; howaver,
the cause and mechanism of dysphagia are still not well understood. No definitive factors have yet been established according to
multivariate analysis. The objective is to elucidate the incidence and risk factors of dysphagia in patients with acute CSCi.

Setting: Spinal Injuries Center, Fukuoka, Japan.

Methods: A iotal of 298 patients with acute CSCJ, who were evaluated for neurological impairment within 3 days after injury, were
reviewed, CSCI patients with tube dependence due to cbvious aspiration after injury were defined as having dysphagia. The facfors
postulated to increase the risk for dysphagia, including the patient’s age, sex, American Spinal Injury Asscciation {(ASIA) impairment
scale at 3 days after injury, level of injury, tracheostorny and operative treatment, were analyzed using a multlpie logistic
regression model, !
Resulls: Of 208 patients, 21 were suffering from severe dysphagia after acute CSCI {7.0%). Of these 21 patients, 12 {57%) had CSCi |
at the C3-C4 level. Multivariable logistic regression analysis revealed that old age (>72 years), severe ASIA impairment scale (A or B}
and presence of tracheostomy were significant risk factors of dysphagia. Level of injury > C3-C4 was not a significant risk factor after
adjustment for several potential confounders.

Conclusion: The incidence of severe dysphagia associated with aspiration was 7%. Old age, severe paralysis and presence of

tracheostomy may be the risk factors for dysphagia. The risk for dysphagia should be evaluated to prevent aspiration preumonia,
Spinal Cord (2017) 55, 940-943; doi:10.1038/5¢.2017.63; published online 30 May 2017

INTRODUCTION
Dysphagia following cervical spinal cord injury (CSCI) in the acute
phase can increase the risk of pulmonary complications, which may
cause life-threatening conditions.! Diseases of the respiratory system
arc the first leading primary caise of death in patients with spinal cord
injury.2 In the USA, 67.4% of these are cases of pneumonia’?
Especially, aspiration pneumonia remains a major <ause of further
morbidity and mortality. >

The relationship between dysphagia and CSCI has been recently
reported;+? however, the cause and mechanism of dysphagia are not
well understood. Although several risk factors for dysphagia such as
age, tracheostomy and anterior surgery have been postulated in
patients with CSCL*% no definitive factors have yet been established
according to a multivarate analysis. We conducted the analysis in
order to identify the risk factors of dysphagia using larger number of
patients and multivariate model. The purpose of this study was to
clucidate the incidence and risk factors of dysphagia in patients with
acute CSCL

PATIENTS AND METHODS

Patients

A total of 464 cénsecutive patients with traumatic cervical spinal injury with
and without spinal cord damage were treated at our institute and were

tegistered In our database systemt from January 2007 to December 2014. Al
patients underwent computed tomography, magnetic resonance imaging and
neurologica) examination at admission. We retrospectively selected 298 patients
based on the following criteria:! admission within 3 days following injury,?
patients with paresis or paralysis® patients without brain injury® and patients
without premorbid history of swallewing disorder before trauma, Neurological
impairment scale was cvaluated according to American Spinal Injury
Associntion (ASIA) impairment scale® by surgeons and physiotherapists. Level
of injury was determined by two surgeons using computed tomography and
magnetic resonance imaging. All surgeons were expart board members of the
Japanese Society for Spine Surgery ond Related Research, who determined the
level of injury and neurological impainment by using the ASIA classification.
Medical records were individually reviewed retrospectively to evaluate
condition of eating, tracheostomy duc to respiratory complication and
aperation of CSCL We extracted patients with tube dependence due to obvious
aspiration after injury. The functional oral intake scale (FOISY'? was used to
evaluate oral intake function (FOIS items—Level 1: Nothing by mouth, Level 2:
Tube-dependent with mininmat attempts of food or liquid, Level 3: Tube-
dependent with consistent oral intake of food or liquid, Level 4: Total oral diet
of a single consistency, Level 3: Total oral diet with multiple consistencies, but
tequiring special preparation or compensations, Level 6: Total oral diet with
multiple consistencies without special preparation, but with specific food
limitations and Level 7: Total oral diet with no restrictions), Levels 1 theough
3 relate to varying degrees of non-oral {eeding; levels 4 Lo 7 relate to varying

- X

Ipepartment of Orthopaedic Surgery, Japan Organization of Cvcupationsl Health and Safely, Spinal Injuries Center, Fukuokz, Japen and 2Deperimént of Nursing,
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degrees of oral feeding without non-oral supplementation. In this study, FOIS
Tevels 1 through 3, whose patients were tube-dependent for mutrition due to
obvious aspiration, were defined as having severe dysphagia,

This study was appraved by our Institutional Review Board of Spinal Injuries
Center. Some of the patients in this study were included in our previous paper,
which examined the risk factors of tracheostonzy between 1996 and 2010.1
Data analysis r ‘
We analyzed the factors postulated to increase the risk for dysphegia, including
the patient's age, ASIA impairment scale (AIS) at 3 days after injury, level of
injuty, tracheostomy and operatwe treatment. Patients with dysphagia were
compared with those without dysphagia. y®-test was used after the variables
were categorized. A logistic regression model was used to compute odds ratios
(ORs} and 95% confidence intervals {95% Cls} for an increased risk for
dysphagia. Age was categorized into the following two groups: 72 years or less
and >72 years. The cutoff value of 72 years was analyzed and selected using
receiver operating characteristic curve, A1S at 3 days after injury wis categorized
into sévere (A or B) and mild {C or D). Level of injury was categorized into the
following two groups: C3—C4 or more cephalic and G4-C5 or more caudal.
Treatment method was categorized into conservative treatment and operative
treatment. Whether the patients received tracheotomy within 2 month after
trauma was also categorized. The logistic regression model was adjusted for age,
sex, A5, level of injury, treatment and tracheostomy. All statistical analyses
were performed using the JMP 10 statistical software package (SAS Institute
Inc., Cary, NC, USA). A Povalye of less than 0.05 was considered statistically
significant,

RESULTS

Table 1 shows the patient demographics of this study. Of the 298
patients, 21 appeared to be suffering from severe dysphagia after acurte
traumatic CSCI (7.09%). All of these patients experienced evident
aspiration, had fo stop oral intake diwe to aspiration and were tube-
dependent temporarily for nutrition. The neurological status of each
patient with dysphagia revealed that 13 of those patients were AIS A,
6 patients were AIS B and 2 patients were AIS C. Of the 21 patients,
12 (57.1%) received tracheostomy.

Of 21 patients who had severe dysphagia, 12 patients (5796) had
spinal cord injury at C3-C4, 4 patients (19%) at C4-C5, 4 patients
{199) at C5-C6 and 1 patient {5%) had spinal cord injury at C6-C7.

CSCI patients with and without dysphagia were compared in
Table 2. Those with dysphagia showed significantly greater age, more
severe AlS, higher level of injury and presence of tracheostomy by
both y*-tests and simple logistic regression analyses. After adjustment

Table 1 Summary of demographic data of 298 patients with cervical
spinal cord injury

Severe Severe Total
dysphagia® () dysphagia® ()

Cases (n) 21 277 208
Age (median {range)) 73 (32-84) 63 {14-91} 64 {14-81)
Sex (male) (7 (%) 20 (95} 236 {85) 256 (86)
Operative treatment (2 (%)) 7 (33} 92 (33) 99 (33)
Tracheastomy {n (%)) 12(57) 14 {5) 26 (9)
ASIA impalrment scale in (%))

A 13 (62) 85 (31} 98 {33)

B 6 (29) 32(12) 38(13)

c 2(10) 125 (45) 127 {43).

[ 0 35(13) 35(12)
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for potential confounding factors, multivarizble logistic regression
analysis revealed that age >72 years (QR: 3.71, 95% Cl: 1.21-12.3,
P=0.02), AIS A or B (OR: 8,98, 95% CI: 2.06-63.60, P=0.008) and
presence of tracheostomy (OR: 16.41, 95% CI: 5.14-58.26, P<0.001)
were significant risk factors for dysphagia.

DISCUSSION

Several previous studies™ have reported that the incdence of
dysphagia after CSCI was benween 8.3 and 41%. Shin et al¥ reported
that 10 of 121 (8.3%) tetraplegic patients showed evidence of
aspiration on a videofluoroscopic swallowing study. Shem et al®
reported that dysphagia was present in 12 of 29 (41%) individuals
with acute tetraplegia who underwent a prospective bedside swallow

evaluation. In our study, which included the greatest number of

patients with acute CSCI compared with previous studies, the rate of
incidence was lower than in previous reports. The reason for this is
that patients with CSCI often present with varying degrees of
dysphagia, which makes it difficult to set a definition for dysphagia.
Our criteria for dysphagia, which was defined as patients with tube
dependence for nutrition due to obvious aspiration (FOIS levels 1-3),
may signify a more severe swallowing disorder than seen in other
studies.

Old age was significantly related to the higher incidence of
dysphagia in our study. Previous studies®® also identified age as a
significant risk factor. Aging itself, independent of CSCI, can increase

Tahle 2 Risk factors for dysphagia in acute cervical spinal cord injury

Severe dysphagid®  P-value®  Crde OR Adjusted OR

(+In=21 (-)n=277 95% Ci) (95% Cl}

Age () n (%)
72
=72

Reference
344
{1.39-8.62)r

10 (48)
11 (52)

210 (76}
67 (24)

Reference
371
{1.21-12.3¥

0.004

ASIA impairment scale, n (%)
c 0 2(10) 168 (56)
AB 12(90) 117 {44}

Reference Reference
129 8.98
{3.67-82.52) (2,06-53.60)°

<0.001

Level of injury, n %)
<C4/15 9 (43}
20314 12 (57)

189 (63)
109 {37)

Reference
2.57
{0.71-10.43}

Reference
247
(1.01-6.26)¢

6.04

Treatment, n (%}
Conservative
{realment
Operative
treatment

14 (67) 135(62) Reference Reference

733 92 (38)° 0991 101

(0.37-2.50)

0.78
{0.18-3.43)

Tracheostomy, n {%}
Negative 9 {43)
Posifive 12 (57}

Reference Reference
25.05 16.41
(9.19-71.71F (5.14-58.26)F

Abbreviations: ASIA, American Spinal Injury Assaclation; Cl, eonfidence interval;

FOIS, functional aral Intzke scale; OR, odds ratio.

The Jogislic regression model was adjusted for aga, sex, AlS, level of injury, treatment aad
tracheostorny.

2Severe dysphegia: FOIS£ 3,

263 (88)

14(12) <0.001

Adbreviptions: ASIA, American Spinal Injury Assaciation: FOIS, functional oral intake scale,
*3evera dysphagia: FOIS £3.

BRvelue was calcuisted by the #-test.
*P<0.05 by univariate or multivasdate logistic srelysis.
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the tisk for dysphagia, because changes in physiology with aging are
seen in the upper esophageal sphincter and pharyngeal region, whose
sensation is blunted with age.!?

Tracheostomy was z significant risk factor for dysphagia in this
study. As tracheostorny accompanied with acute respiratory failure was
reported to be correlated with severe neurologicel impairment scale,
they may be confounding factors of dysphagia.!! Previous studies®®
also supported this correlation. Gross et al'® reported that the
reduction of respiratory volume and subglotiic pressure due to a
tracheostomy tube or a thorax travma raised the risk of aspiration.
The reduction of subglottic pressure and stimulation of a tracheal
canmula to larynx and esophagus may cause dysphagia of patients
with tracheostomy.!* The OR of tracheostomy was highest among
significant risk factors demonstrated in this study; thus, we need to pay
special atténtion to aspiration of patients with tracheostomy.

Our study demonstrated that severe paralysis (AIS A or B) was a
significant risk factor for dysphagia. Maeda et al'® reported that
the avea of prevertebral hyperintensity on TZ-weighted magnetic
resonance imaging had a significant negative correlation with the
ASIA motor score, indicating that patients who had larger prevertebral
hyperintensity tended to show more severe paralysis. Therefore,
swelling at the retropharyngeal space duc to vertebral fracture or soft
tissue damage may affect swallowing dysfunction.

Multiple logistic regression analysis revealed that level of injury
2 C3-C4 was not a significant risk factor, whereas both y*-test and
simple logistic regression model showed a significant difference. More
than half the patients with dysphagia had a spinal injury at C3-C4
level, whereas no patient had dysphagia at C2-C3 level in our study,
Seidl er al? also showed that the number of swallowing disorders
increased as the level of tetraplegia lowered with the peak of the C4
level. On the other hand, Shem et al.® reported that no relationship
between dysphagia and level of injury was found to exist. Buchholz
and Nenmann!® postulated changes in pharyngeal wall sensitivity 2s a
result of separation of the rear wall of pharynx as a result of trauma
and surgery. Most of the CSCI in old patients are spinal cord injury
withoat major bone injury, and they often occur at the C3-C4
level.'1® Confounding factors, such as age and level of mjury, should
be considered although injury at C3-C4 may affect a cause of
dysphagia because larynx is located just in Front of C3-C4 vertebrae.

Qur study showed that operation was not a significant risk factox
for dysphagia. Anterjor surgical approach of cervical spine has been
reported to cause dysphagiz.’®2? Andrew and Sidhu'? reported that
the greatest level of swelling or change in the prevertebral soft tissues
after anterior cervical surgery occurred at the mid-body of C4 with an
average change of 10.7 mm. Because only I of 7 patients whe
underwent surgery underwent anterior approach for CSCI, operation
might not be identified as a risk factor for dysphagia in this study.

Limitations to this study should be acknowledged. Patients with
dysphagia present with varying degrees of swallowing disorders.
Difficuity with food transmission through pharynx and problem of
mastication, which were other sympioms of dysphagia, were not
evaluated in this study, becanse we foeused on aspiration. Also, as tube
dependence due to aspiration is a very important Jine between life and
death in clinical practice, we aimed to examine the rsk factars for
severé dysphagia. Because our criterfa for dysphagia was FOIS levels
1-3 due to obvious aspiration, only severe swallowing disorder
was defined as severe dysphagia and examined in this study.
Moreover, detailed examination using videofluoroscopic examination
of swallowing or videoendoscopic evaluation of swallowing would
provide more accurate diagnosis of aspiration.

Spinal Cord
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When we treat acute CSCI patients with these risk factors, caution is
necessary 10 avoid aspiration. In addition to these risk factors, patients
with a past history of stroke, aspiration pneumonia or chronic
pulmonary disease may also require closé altention and screening
tests in clinical practice. Diet with special preparation, oral care,
avoidance of unnecessary tracheostomy and screening for dysphagia
should be performed to prevent pulmonary complications associated
with dysphagia and maintain better nutritive condition. Therefore, the
risk for dysphagia should be evaluated.

CONCLUSION

A total of 298 patients were retrospectively reviewed to detect risk
factors for dysphagia using a multiple logistic regression model.
The incidence of severe dysphagia associated with aspiration was
7%. Old age, severe paralysis and tracheostomy may be at risk
for dysphagia. Risk for dysphagia should be evaluated to prevent
aspiration pneumdnia.
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Effects of orthotic therapeutic electrical stimulation in the
treatment of patients with paresis associated with acute cervical
spinal cord injury: a randomized control trial.

lwahashi K'. Hayashi T1'2, Watanabe R, Nishimura A1, Usta T2, Maeda T2, Shiba K2

Spinal Cord. 2017 Jun 27. d6i: 10.1038/sc.2017.74. [Epub ahead of print]

Author information

Abstraci
STUDY DESIGN: Arandomized controlled frial.

OBJECTIVES: To determine the effects of orthotic therapeutic electrical stimulation (TES) on the
hand in patients with paresis associated with acute cervical spinal cord injury.

SETTING: Spinal Injuries Center, Fukuoka, Japan.

METHODS: The study included patients treated for spinal cord injuries (Frankei classification,
grades B arnd C) at our institution within 1 week post injury between May 2011 and December
2014, The patients were allocated randomly to TES and control groups at the fime of admission
and underwent TES+conventional training or conventional training alone, respectively, Both
hands of each patient were freated in the same way. The primary outcome was total passive
motion (TPM) of the fingers (degrees), The secondary outcomes were edema (cm) and the
upper-extremity motor scores of the International Standards for the Neurological Classification of
Spinal Cord Injury (1ISNCSCI). After randomization, outcomes were assessed at 1 week, 1 month
and 3 months post injury in both groups.

RESULTS: Twenty-nine individuals were assessed at 3 months (15, TES; 14, control). There
were no significant between-group differences for TPM of the fingers, edema and upper-
extremity motor scores at 1 week, 1 month and 3 months after injury, although TPM of the
fingers tended to be lower in the control group.

CONCLUSIONS: Itis unclear from the results of this study whether TES has a therapeutic effect
on TPM, edema or the upper-extremity motor score of the ISNCSCI. The results of this study
provide useful data for future meta-analyses.Spinal Cord advance online publication, 27 June
2017; doi:10.1038/sc.2017.74.

PMID: 28653674 DO6 10.1038/8c.2017.74
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Sensitivity and specificity of the ‘knee-up test’ for estimation of the
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Abstract

Study design A retrospective study.

Objective Precise classification of the neurological state of patients with acote cervical spinal cord injury (CSCI) can be
challenging, This study proposed a useful and simple clinical method to help classify patients with incomplete CSCL.
Setting Spinal Injuries Centre, Japan.

Methods The sensitivity and specificity of the ‘knee-up test' were evaluated in patients with acute CSCI classified as
American Spinal Injury Association Impairment Scale (AIS) C or D. The result is positive if the patient can lift the knee in
one or both legs to an upright position, whereas the result is negative if the patient is vnable to lift the knee in either leg to an
upright position. The ATS of these patients was classified according to a strict computerised algorithm designed by Walden
et al., and the knee-up test was tested by non-expert examiners.

Results Among the 200 patients, 95 and 105 were classified as AIS C and AIS D, respectively. Overall, 126 and 74 patients
demonstrated positive and negative results, respectively, when evaluated using the knee-up test. A total of 104 patients with
positive results and 73 patients with negative results were classified as AIS D and AIS C, respectively. The sensitivity,
specificity, positive predictive and negative predictive values of this test for all patients were 99.1, 76.8, 82.5 and 98.7,
respectively.

Conclusions The knee-up test may allow easy and highly accurate estimnation, without the need for special skills, of AIS
classification for patients with incomplete CSCL

Introduction Paraplegia (IMSOP) in 1992, and the ASIA Impairment

Scale (AIS) based on the revised version of ISNCSCI [12,

Precise classification of the neurological state of patients
with acute spinal cord injury (SCI) is essential in deter-
mining the prognosis, therapeutic strategy and outcomes/
benefits from the interventions {1-10]. The American
Spinal Injury Association (ASIA) published standards for
neurological and functional classification of SCI in 1982
[11]. The International Standards for Neurological Classi-
fication of Spinal Cord Injury ISNCSCI) was accepted and
recommended by the International Medical Society of
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Department of Orthopaedic Surgery, Spinal Injuries Centre,
Tizuka, Fukuocka, Japan

Department of Orthopaedic Surgery, Kyushu University,
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Published online: 28 December 2017

13] is now used worldwide to determine motor and sensory
impairments in patients with SCI. In order to accurately
assess AIS, it is mandatory to determine the sensory Ievel,
sensory scores, motor level and strength of the key muscles
using the ISNCSCI classification [14]. The ISNCSCI
method was tested for its inter- and intra-rater reliabilities
[15=26]. This methed is slightly complicated, and several
studies illustrated that training and experience may be
required for accurate agreement [15, 20, 21, 25, 26].
Importantly, some studies reported that the reliability of
sensory and motor components of ISNCSCI in patients with
incomplete SCI was lower than that in patients with com-
plete SCI [15, 19, 20, 22, 26]. In the patients with motor
incomplete SCI, the most complicated task even after
training was to distinguish AIS B from AIS C/D based on
the motor sparing of more than three segments below the
motor level [20, 24, 27]. Moreover, in the patients classified
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Fig. 1 a In the knee-up test, the patient was placed in the supine
position. b Clinicians ask patients to lift up their knees off the bed. If
patient was able to lift their knees to an upright position, then the

as AIS D after training, ~15% of those was misclassified
[20, 27]. These results indicate that a very careful evalnation
was mandatory to correctly assess AIS in patients with
incomplete SCI. These patients often exhibit spontaneous
motor function recovery; hence, an easy and quick to per-
form screening tool needs to be developed because a
complete ISNCSCI examination in these patients might
reach up to an hour, and frequent evaluation vsing the full
ISNCSCI method is not practical in the early stage of injury.

‘We previously reported that the knee-up test was useful
for the early detection of postoperative motor deficit [28] as
well as hysterical paralysis [29]. This test is also thought to
have a possibility to easily estimate the severity of paralysis.
The purpose of this smdy is to verify the usefulness of
estimating paralysis severity using the ‘knee-up test’ in
patients with incomplete SCI, especially in distinguishing
AIS C from D.

Methods
Study population

A total of 675 patients with cervical SCI (CSCI) were
treated at the Department of Orthopaedic Surgery of the

SPRINGER NATURE

patient had a positive knee-op test result (left leg). ¢ If the patient was
unable to lift the knees up to the upright position, then the patient had a
negative knee-up test result (Jeft leg)

Spinal Injuries Centre from June 2005 to June 2016. The
inclusion criteria were the following: (1) patients with
travmatic CSCI verified using magnetic resonance imaging,
(2) patients with motor incomplete CSCI determined
according to the ISNSCI classification at the time of
admission and (3) ability to adeguately communicate. The
medical records of 215 consecutive patients with acute
motor incomplete CSCI, who were treated within 2 days
after injury, were reviewed. Fifteen patients were excluded
because some motor functions were not testable due to
fracture and/or hypersensitivity of the extremities. The
medical records of the remaining 200 patients were then
analysed.

Informed consent was obtained from all individual par-
ticipants included in the study.

Manoceuvre of the knee-up test

Patients were placed in the supine position, and the clin-
icians asked them to lift up their knees off the bed (Fig. 1a).
If patients were able to lift their knees to an upright position,
they were considered to have a positive knee-up test result
(Fig. 1b). If patients were unable to do so, then the knee-up
test had a negative result (Fig. 1c). Patient had a positive
single knee-up test if he/she was able to lift at least one of
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his/her knees, whereas the patient was considered to have a
negative single knee-up test if he/she was not able to lift
either of his/her legs.

Patients were independently examined at the time of
admission by two expert orthopaedic surgeons (I.Y. and T.
U.), who had >5 years of experience in using the ISNCSCI
method. At the same time, two non-expert residents who
had <1 year of experience in using the ISNCSCI method
performed the knes-up tests. They were blinded to the
resuits obtained by the other observers.

Key muscles for knee-up positive and relation
between the key muscles and upper and lower
extremities” muscle functions

Considering that the physiologic continuity of the spinal
cord long tract fibres is broken into CSCI, paralysis of one
muscle is often linked to paralysis of the other muscles in
the upper and lower extremities. Therefore, we analysed the
key leg muscles that contributed positively to the knee-up
test and the relationship between the motor scores of all key
muscles and key leg muscles associated with the knee-up
test.

AlS classification

Regarding AIS, data to be filled into the neurological
worksheet were: sensory scores including light touch and
pin prick, motor score for each segment, presence of
voluntary anal contraction, and results of the knee-up test.
Since 1980, non-key muscles, such as shoulder elevation,
shoulder abductors, wrist flexors, finger extensors, hip
adductors, hip abductors and long toe flexors, were exam-
ined and graded using the Manual Muscle Test. All data
were collected prospectively. Given that the ISNCSCI
methods were improved during our study period, to update
the AIS classification, every parameter, including sensory
score, motor score for each segment and presence of
voluntary anal contraction of each patient, was entered into
a personal computer, and the AIS of each patient was
evaluated and verified by the computerised algorithm
designed by Walden et al. [30]. after completing the data
entry.

‘When a disagreement existed between the results of the
single knee-up test and the results of AIS obtained by the
two observers, the results were classified as single knee-up
test negative and as AIS C,

Statistical analysis
The association between the result of the single knee-up test

of a patient and the resuits of AIS was investigated. Fisher's
exact test was used to compare categorical data. Odds ratio

(OR), and 95% confidence interval (CI), sensitivity, speci-
ficity, positive predictive value (PPV), and negative pre-
dictive value (NPV) were calculated. The kappa statistic
was used to assess the inter-observer agreement on the
knee-up test.

To clarify the importance of the key leg muscles in
maintaining the knee in its lifted position, the relationship
between the result of the knee-up test and the strength of
each key leg muscle was analysed using a multiple logistic
regression model. Correlations between the motor scores of
the significant key muscles and those of the other key
muscles were analysed using Pearson's correlation coeffi-
cient. The comelation coefficient (¥) was interpreted as
follows: value of r between —1.0 and —0.70r 1.0 and 0.7: a
strong linear relationship; between —0.7 and —0.5 or 0.5
and 0.7: a moderate linear relationship; and between —0.5
and —0.3 or 0.3 and 0.5: a weak linear relationship [31]. All
statistical analyses were performed using the JMP 11 sta-
tistical software package (SAS Institute Inc., Cary, NC,
TSA). A value of p < 0.05 was considered to be statistically
significant.

Results

Two hundred eligible patients (166 males, 34 females) were
selected for inclusion in the final sample. All injuries were
the result of blunt trauma. Mean patients’ age was 62.4 +
15.6 years (mean+SD) (range, 16-91 years). The con-
sciousness level of all patients was normal. The mean
interval between the day of injury and the day of evaluation
was 0.8 %075 day (mean +SD) (range, 0-2 days). The
neurological status of each patient was evaluated at the time
of admission. Neurological level of injury was C2 in 4
patients, C3 in 15, C4 in 104, C51in 45, C6in 25, C7 in 6
and C8 in 1 patient. Ninety-five of the 200 patients were
classified as AIS C. The mean total upper motor score
(TUEMS) was 11.95 +1.14 (mean + SD) and mean total
lower moter score (TLEMS) was 14.26 +1.08 (mean+
SD). According to Pouw et al. [32], traumatic central cord
syndrome (TCCS) was defined as a TUEMS of 10 points
less than the TLEMS; 30 in 95 patients (31.58%) had
TCCS. One hundred and five of the 200 patients were
classified as AIS D. The mean TUEMS was 30.10 = 1.07
(mean + SD) and mean TLEMS was 41.78 + 1.02 (mean +
SD). Fifty-five in the 105 patients (52.38%) had TCCS.
Both mean TUEMS and TLEMS in the AIS D group were
statistically significantly higher than those in the AIS C
group (TUEMS: p < 0.0001, TLEMS: p <0.0001) and the
percentage of TCCS in the AIS C group was statistically
significantly higher than that in the AIS D group (p=
0.0041) (Table 1). The kappa ccefficient for the AIS
between two expert orthopaedic surgeons was 0.99 (p <
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Table 1 Demographic characteristics according to the American
Spinal Injury Association impairment scale

Patients C D p
95 patients 105 patients

Sex Male: 77; Male: 89; 0.572
female: 18 female: 16

Age (years) 64.1 + 1.59 60.8 £ 1.52 0.145
(mean + SD) (mean + SD)

TUEMS 1195 +1.14 30.10 £ 1.07 «0.0001"
(mean + SD) (mean + SD)

TUEMS: 0-10 53 patients 7 patients

TUEMS: 27 patients 20 patients

11-20

TUEMS: 11 patients 26 patients

21-30

TUEMS: 4 patients 23 patients

3140

TUEMS: No patient 29 patients

41-50

TLEMS 1426 1 1.08 41.78 £1.02 <0.0001"
(mean + SD) (mean £ SD)

TLEMS: 0-10 41 patients 1 patient

TLEMS: 11-20 25 patients 2 patients

TLEMS: 21-30 22 patients 15 patients

TLEMS: 3140 6 patients 20 patients

TLEMS: 41-50 2 patients 67 patients

TCCS TCCS: 30; TCCS: 55; 0.0041"
non-TCCS: 65 non-TCCS: 50

TUEMS total upper motor scores, TLEMS total lower motor scores,
TCCS traumatic central cord syndrome

¥ Unpaired f test: p < 0.05
** Fisher's exact test: p <0.05

0.0001). There was no difference in the knee-up test derived
by the two non-expert examiners.

One hundred and twenty-six patients exhibited positive
results when evaluated using the single knee-up test,
whereas 74 patients exhibited negative results. The mean
TUEMS was 27.031+1.10 (mean+SD) and the mean
TLEMS was 39.16+0.94 (mean+SD) in the knee-up
positive group, whereas the mean TUEMS was 12.04 >
1.44 (mean 4 SD) and the mean TLEMS was 10.91 +1.24
(mean + SD) in the knee-up negative group. Seventy-one in
126 patients (56.35%) had TCCS in the positive group and
14 in 74 patients (18.92%) had TCCS in the negative group.
Both mean TUEMS and TLEMS in the knee-up positive
group were statistically significantly higher than those in the
knee-up negative group (TUEMS: p < 0.0001, TLEMS: p
<0.0001) and the percentage of TCCS in the negative
group was statistically significantly higher than that in the
positive group (p <0.0001) (Table 2). One hundred and
four of the patients with positive results were classified as
AIS D, Seventy-three patients with negative single knee-up

SPRINGER NATURE

test were classified as AIS C (Fisher's exact p < 0.0001; OR,
345.1; 95% CI, 45.5-2617.7) (Table 3). The sensitivity,
specificity, PPV and NPV of this test for all cases were
99.1, 76.8, 82.5 and 98.7, respectively. Concerning the
relationship between the knee-up test and TCCS (Table 4),
the sensitivity, specificity, PPV and NPV of this test were
83.5, 52.17, 56.35 and 81.03, respectively.

Multiple logistic regression demonstrated that hip flexors
{p <0.0001; OR, 5.87; 95% CI, 2.94-13.6), hip adductors
(p=0.0352; OR, 2.11; 95% CI, 1.04—4.29) and hip
abductors (p =0.0291; OR, 1.86; 95% CI, 1.06-3.49) were
statistically significant for the key leg muscles that con-
tributed positively to the knee-up test (Table 5). When the
muscles were restricted only to the ASIA key muscles,
multiple Jogistic regression demonstrated that hip flexors (p
< 0.0001; OR, 10.9; 95% CI, 5.9-23.4) and ankle dorsi-
flexors (p=0.0255; OR, 1.6; 95% ClI, 1.1-2.6) were sta-
tistically significant for the key leg muscles that contributed
positively to the knee-up test (Table 6).

The motor score of both hip flexors (Table 7} and ankle
dorsiflexors (Table 8) showed significantly strong cormrela-
tions with that of the other key muscles in the lower
extremities, and significantly moderate comelations with
that of the elbow extensors, finger flexors and finger
abductors. The motor scores of hip flexors and ankle dor-
siflexors showed a significantly weak correlation compared
to those of the elbow flexors and wrist extensors.

Discussion

In the present study, we demonstrated the usefulness of the
knee-up test for AIS assessment in patients with motor
incomplete CSCI. To correctly assess AIS, several com-
plicated examination steps are required. First, sensory (e,
light tonch and pin prick sensation) and motor examinations
for the right and left extremities are determined according to
the ISNCSCI method. Second, NLI, which is the most
caudal segment of the cord with intact sensation and anti-
gravity muscle function strength, should be determined.
Third, AIS is evalvated uvsing these sensory and motor
findings in a comprehensive manner. Mastery of skills
needed for each step in the ISNCSCI method is required for
clinicians as described above, indicating that examination
skills might influence the result of AIS grading. Both AIS C
and D indicate that motor function is preserved below the
NLI; however, the distinction between them is not always
easy. The function of more than half of the key muscles
below the single NLI have a grade of <3 (grades 0-2) is
classified as AIS C, whereas the case wherein at least half
(half or more) of the key muscles below the NLI have a
grade greater or equal to 3 (grades 3—5) is classified as AIS
D [14].
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Tahle 2 Demographic

characteristics according to the Patieats Positive Negative P

result of knee-up test 126 patients 74 patients
Sex . Male: 107; fernale: 19 Male: 59; femnale: 15 0.436
Age (years) 61.06 £ 1.39 (mean + SD) 64.58 + 1.80 (mean +SD) 0.123
TUEMS 27.03 +1.10 (mean + SD) 12.04 + 1.44 (mean +SD) <0.0001"
TLEMS 39.16 £ 0.94 (mean + SD) 10.91 +1.24 (mean + SD) <0.0001°
TCCS TCCS: 71; non-TCCS: 35 TCCS: 14; non-TCCS: 60 <0.0001**

TUEMS total upper motor scores, TLEMS total lower moter scores, TCCS traumatic central cord syndrome

* Unpaired ¢ test: p < 0.05
™ Fisher's exact test: p <0.05

Table 3 Relationship between the American Spinal Injury Association
impairment scale and the knee-up sign findings

Tahle 6 Multiple logistic regression by combined muscle functions
for the positive knee-up test

The ASIA impairment scale

Cn) D (n) Totat ()}
Knee-up test positive 22 104 126
Knee-up test negative 73 1 74
Total 95 105 200

Table 4 Relationship between the traumatic central cord syndrome
and knee-up test findings

TCCS (n) Non-TCCS(r)  Total (n)
Knee-up test positive 1 35 126
Knee-up test negative 14 60 74
Total 85 115 200

TCCS traumatic central cord syndrome

Table 5 Multiple Iogistic regression by combined muscle functions
for the positive knee-up test {(with the non-key muscles)

Combined muvscle P Qdds 95% confidence
functions ratio interval

Hip flexors <0.0001" 588 2.94-13.6

Hip adductors 0.0353" 210 1.05-4.29

Hip abductors 00202 185 1.06-3.49
Knee extensors 0.3549 0.78 0.45-1.30
Ankle dorsiflexors 0.1745 135 0.87-2.15

Long toe extensors 0.9054 1.03 0.59-1.77
Ankle plantar flexors  0.7574 1.09 0.63-1.86

* P<0.05

In patients with acute CSCI, some merits exist for
accurate distinction between AIS C and D. For example,
AIS C is a more appropriate neurclogical condition in
validating the efficacy of treatment for neurological
improvement [1-4]. In addition, acute complications were
found to develop more frequently in patients with AIS C
than in those with AIS D [5, 6]. Therefore, early distinction

Combined muscle P Qdds 95% confidence
functions ratio interval

Hip flexors <0.0001" 1085 5.9-234

Knee extensors 0.7918 093 0.57-1.52
Ankle dorsiflexors 0.0255° 164 1.07-2.59

Long toe extensors 0.8930 0.96 0.57-1.62
Ankle plantar flexors  0.3503 1.26 0.77-2.07

" P<005

Table 7 Cormelation between the motor score of hip flexors and those
of the other key muscles

Key muscle p Correlation coefficient
Elbow fexors <0.0001" 0.357
Wrist extensors <0.0001" 0.459
_ Elbow extensors <0.0001" 0.566
Finger flexors <0.0001" 0.564
Small finger abductors <0.0001° 0.509
Knee extensors <0.0001" 0.857
Ankle dorsiflexors <0.0001" 0.844
Long toe extensors <0.0001° 0.807
Ankle plantar flexors <0.0001° 0.836

* P<0.05

between AIS C and D is important to evalvate treatment
outcomes and complication risk during the early stage of
injury, especially the need for tracheostomy [5] in patients
with incomplete CSCL

Several studies reported the inter-rater and intra-rater
reliability of ISNCSCT [15-26]. Generally, intra-rater and
inter-rater agreements among trained or experienced raters
were acceptable; [17, 21-23] however, even for trained
examiners, the agreements of sensory andfor motor exam-
ination were less reliable in patients with an incomplete SCI
than in those with a corpplete SCI [19, 22]. In addition,
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Table 8 Correlation between the motor score of ankle dorsiflexors and
those of the other key tmuscles

Key muscle p Correlation coefficient
Elbow flexors <0.0001* 0.270
Wrist extensors <0.0001* 0.410
Elbow extensors <0.0001" 0.520
Finger flexors <0.0001" 0.534
Small finger abductors <0.0001* 0.508
Hip flexors <0.00017 0.845
Knee extensors <0.0001" 0.837
Long toe extensors <0.0001° 0.896
Ankle plantar flexors <0.0001* 0.858

"P<005

although several studies have reported that training
improved accuracy of agreement [15, 16, 18, 20, 24-26],
efficacy was significantly lower in incomplete than in
complete SCI [15, 16, 20, 24-26]. For example, Chafetz
et al. {20] reported that training improved correct classifi-
cation of patients with AIS C from 29 to 54% and of those
with AIS D from 37 to 84%, and stated clearly that accurate
classification of AIS designation remained unacceptably
low even after training. These reports suggested that non-
experts should receive proper training before using the
ISNCSCI in clinical practice [20, 25]. In this study, inter-
rater agreements among two expert orthopaedic surgeons
who had 5 years or more of experience in using the
ISNCSCI method in >400 SCI cases were high encugh.
This means that to be able to correctly classify patients with
motor incomplete CSCI, proper training and greater level of
experience are needed.

In contrast, the knee-up test presented in this study does
not require special skills when performing. We previously
reported that the knee-up test was useful for the early
detection of postoperative motor deficit [28] as well as
hysterical paralysis [29]. In the current study, no patient
data oveilapped with the previous studies [28, 29]. In a
previous study [28], hip adductors and abductors were
important muscles in lifting the knees up (knee-up test
positive) and in keeping the knee in this position. However,
these muscles were not used to analyse their correlations
with the key muscles in the cument study, because they
were not key muscles of the ISNSCI classification. The
knee-up test also provides easy distinction between AIS C
and D in patients with motor incomplete CSIC. If the patient
could not lift histher knees in either legs to an upright
position (single knee-up test negative), this patient was
classified as AIS C with 98.6% probability; on the other
hand, if the patient was able to lift his/her knee in at least
one leg (single knee-up test positive) to an upright position,
this patient was classified as AIC D with 82.5% probability.

SPRINGER NATURE

Although the knee-up test was useful to estimate AIS C or
D, the purpose of this test was not to promote shortcuts for
clinical evaluations but to screen the severity of motor
incomplete CSCI for non-expert examiners: using an easy
clinical tool. The knee-up test is thought to be useful to
estimate TCCS. However, with regard to the relationship
between the knee-up test and TCCS, the sensitivity, speci-
ficity, PPV and NPV of this test were 83.5, 50.89, 56.35 and
80.26, respectively. These results suggest that the knee-up
test is more useful for the distinction between AIS C and D
in patients with incomplete CSCI than for the distinction of
TCCS.

Even though the single knee-up test was pogitive in 126
patients, only 22 were classified as AIS C. This might
explain the relatively low specificity of the knee-up test.
Among these patients, 15 (68%) had a one side positive test
result. When a single positive test is divided into two
categories: both side positive (73 of 80 cases (91%) were
AIS D) and one side positive (31 of 46 cases (67%) were
AIS D), the percentage of correctly identified cases with
AIS D increased; however, the sensitivity and specificity of
the test could not be calculated. Regardless of its relatively
low specificity, these correction rates of classification
(98.6% and 82.5%) are high enough to be compared to the
results of the trained raters [15, 20, 24, 27].

In this study, we analysed the motor score of the key
muscles necessary for lifting the knee using a multiple
logistic regression model and found that the hip flexors and
ankle dorsiflexors were the statistically significantly asso-
ciated with the knee-up test (Table 2). Notably, the motor
score of these muscles had a strongly positive correlation
with the score of the key muscles in the lower limbs and a
moderately positive correlation with that of the key muscles
of upper limbs. These results suggest that a simple exam-
ination using the knee-up test yields general information of
paralysis in extremities, especially in the legs, with great
accuracy. Alternatively, the lower-limb muscles, besides the
hip flexors and ankle dorsiflexors, had a moderate correla-
tion with the upper-limb muscles. These results indicate that
patients with a positive knee-up test most likely had a
substantial motor function in the upper and lower limbs.
Given that the distinction between AIS C and D is that
whether at least half of the key muscle functions below the
NLI have a muscle grade of >3 (5-3) or <3 (2-0), there is a
high possibility that patients with positive knee-up test are
classified as AIS D. For this reason, this test could estimate
the AIS classification with high probability in patients with
incomplete CSCL

There are several possible limitations associated with this
study. First, the sample size was relatively small. Second,
the knee-up test was evaluated at a single institution. Third,
this test is not applicable to patients with pelvic fracture
and/or lower-limb fracture who are unable to lift up their
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knees. Fourth, becavse only patients in a very acute stage
were examined, the results of this study cannot be trans-
ferred to patients in the chromic stage because of severe
spasticity, joint contractures, pain and heterotopic ossifica-
tions. Finally, the knee-up test is not useful for the patient
with CSCI who has absent motor function of the lower
extremities but sacral sensory sparing with sparing of motor
function more than three levels below the motor level for
that side of the body; the patient is then classified as AIS C.
When the patient had no leg motor function but who has
sacral sensory sparing, adequate ISNCSCI examination is
mandatory to precisely classify AIS. Despite these limita-
tions, we believe that this test is useful at bedside for non-
trained clinicians who are not familiar with the ISNCSCI
method. In addition, this test is applicable for the patients
who have difficulties with precise communication and
neurological evalvation.

In conclusion, the sensitivity, specificity, PPV and NPV
of this test for distinction between AIS C and ID in patients
with motor incomplete CSCI were 99.1, 76.8, 82.5 and
98.7, respectively.
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A Safe Surgical Procedure for Old Distractive
Flexion Injuries of the Subaxial Cervical Spine

Osamu Kawano, Takeshi Maeda, Eiji Mori, Itaru Yugue, Takayoshi Ueta, Ketichiro Shiba

Department of Orthepacdic Siwigery, Spinal Injisries Center, Ewluola, fapan

Study Design: Retrospective review.

Parpase: To describe 8 safe and effective surgical procedure for ofd distractive flexion (BF} injuries of the subaxial cervicat spine.
Querview of Litersure: Surgical treatment is required in old cases when a progression of the kyphotic deformity and/or persistent
neck pain and/or the appearance of new neuralogical sympioms are abserved. Since sergical treatment is more complicated and dan-
geraus in ofd cases than in acute distractive-flexion cases, the indications for surgery and the selection of the surgical procedure must
be carefully conducted.

Methiods: To identify a safe and effectivs surgical procedure,. the procedure selected, reasenls) far its sefection, and assosiated neu-
rological complications were investigated in 13 patients with old cervical DF injuries.

Resutis: No neurological complications were observed in nine patiesnts {OF stage 2 or 3} who underwent the anterior-posterior-ante-
rior (A-P-A) method and twa patients {DF stage 1} who underwent the posterior method. it was initially planned that two patients {DF
stage 2) who underwent the P-A method would be treated using the Posterior method alone; however, anterior discectomy was added
to the procedure after the development of a severe spinal cord disorder.

Conelysians: The A-P-A method (anterior discectomy, posterior release and/or partial facetectomy, reduction and instrumentation,
anterior bone grafting} is considered to be a suitable surgical procedure for old cervieal DF injuries.

feywards: Old cervical spine injuries; Distractive flexion injuries; Post-traumatic deformity; Circurnferential release; Delayed presen-
tation

introduction

Distractive flexion (DF) injuries [1] are often observed
among patients with subaxial cervical spine injuries, The
treatment generally selected for patients with such inju-
ries is closed or open reduction and internal fixation with
the purpose of spinal reconstruction, ensuring protec-
tion of the spinal cord. Reduction is usually performed

during the acute phase, and good alignment ean usually
be obtained. However, the surgical treatnient of patients
with old injuries, where the injury was overlooked at the
initial assessment, can be complicated and dangerous in
terms of spinal alignment and spinal cord safety [2,3],
Surgical treatment is required in patients with old injuries
when there is progression of the kyphotic deformity and/
or persistent neck pain and/or the appearance of new
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neurclogical symptoms {4}, Because surgical treatment
is more compli¢ated and dangerous in patients with old
injuries than in those with acute DF injuries, indications
for surgery and the selection of an appropriate surgical
procedure must be carefully conducted.

The purpose of this study was to clarify which sargical
procedure was the safest and most effective for treating
patients with old DF injuries of the subaxial cervical spine.
We also investigated the reasons why this type of injury
is sometimes overlooked at the initial assessment and
discuss the initial diagnostic methods that can be used to
avoid overlooking such injuries in the future.

Bhaterials and Methods

The medical records of all 1,308 patients with subaxial
cervical spinal injuries who were surgically treated at our
institute between 1990 and 2015 were retrospectively re-
viewed, Of these patients, only 13 were surgically treated
and had old trauma injuries, which were all classified as
DF injuries [1]. All patients were male and ranged in age
from 23 years to 73 years. The mean duration of follow-up
was 2.8 years (range, 2-5 years).

To investigate the reasons why DF injuries were over-
looked at the initial assessment, eventually resulting in old
fracture dislocation or post-traumatic kyphotic deformi-
ties requiring treatment, the following four items were ob-
lained from the records of the 13 patients: (1) the affected

Table 1. Case summary: primary assessment

intervertebral segment, (2} the presence of neck pain and
neurological symptoms at the initial assessment, (3) the
use of radiography at the initial assessment and the detec-
tion of any abnormalities on available radiographs, and {4)
the time between injury and surgery and the sympioms
that led to the correct diagnosis. To investigate the suit-
ability of the surgical procedure, the following items were
investigated: {5) the suixgical procedure and the reason(s)
for it selection and (6) neurological and any other com-
plications associated with surgery.

Hestls
1. Affected segment of the cervical spisie

Among the 13 patients, the C4/5 segment was affected in
three, the C5/6 segment in four, and the C6/7 segment in
six (Tahle 1), Many of the injuries affected the lower cervi-
cal spine, where injuries are prone to being overlooked
during radiography because of overlap with the shoulder.
One patient with a C4/5 injury was diagnosed with a DF
injury at the initial assessment at another hospital; howev-
er, the patient was conservatively treated using a halo vest
to obtain reduction and fibrous fusion. Another patient
with a C4/5 injury had a complication of a dislocated Jar-
ynx; treatment for this delayed the treatment for cervical
spine dislocation. A third patient with a C4/5 infury had
subluxation that spontaneously repositioned in the supine

+{Halo vest)
hone

+ None

None.

None

None
+{Dislucation of the larynx}

None

Ty 2 ARG 7
Sy ' B e nm.}ﬁ%;@ b
1 + Arm pain

2 C4/5 - -

3 Cs/6 + -

] C5/6 + .

5 CB/7 -

6 C5/8 + -

7 Ce/7 -

8 C6/7 + -

g C5/6 + Arm pain

10 C6/7 + Guadriplegia

1" Ca/5 + -

i2 C4/5 + -

13 C6/7 + -

+ o o+

CE L7 fracture

CT. computed tomography.
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position at the initial assessment, 3. Radiography at the initial assessment

2. Symptoras immeédiately following injury Radiography was not performed ai the initial assessment

it three patients {Table 1), Of the 10 patients exemined
Neck pain was observed at the initial assessment in 10 pa- . by radiography, abnormal findings were observed in only
tients, with sorize type of neurological symptoms observed two: the patient treated with & halo vest and the patient
in three patients (two with arm pain and one with ihcom- with the laryngeal injury, described above. A patient was
plete quadriplegia) (Table 1). diagnosed as having & C7 veriebral body fracture by a

computed tomography (CT} scan. No abnormalities were
observed in seven patients who were radiographically ex-

Tukle 2. Case summary: primary and few symploms

HPaind 4 et

Sl
- “=-: e B

1 Neck pain
2 Neck pain (halo vest)
3 Neck pain ROM lmitation of the neck
4 Neck pain Numbness of the arm
5 - Neck and arm pain
6 - Numbness of the fingers
7 - Neck pain and palsy of U/E
8 Neck pain Palsy of U/E
9 Neck pain and arm pain .
10 - Quadriplegia
i1 Neck pairr {disiocation of Yarynx case) -
12 Neck pain Lt. £5 palsy
13 Neck pain Lt, arm pain

BOM, range of motion; L/E, upper extremity; Lt left.

1 1 + P - -

2 5 - AP-A

3 48 - AP-A

4 15 + p -

5 15 - AP-A

6 3 - AP-A

7 3 - AP-A

8 2 - P-A AIS E+A3D
8 2 - A-P-A -

10 35 - P-A AIS DA€
1 1.5 - A-P-A -

12 1 - AP-A -

i3 2 - AP-A -

P, posterior; A anterior; P-A, posterior-anterior; 43S, American Spinal Injury Association Impairment Scala.
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amined. It was thought that these cases included patients
in whom the subluxation became spontaneously reposi-
tioned or the affected segment was hidden by the shoulder
and could not be diagnosed.

4. Time between injury and surgery and key symptoms
that Jed to the correct diagnosis

Table 2 lists the patients’ primary and new symptoms,
and Table 3 summarizes their diagnoses and treatment.
The time iniferval between injury and surgery was one to
five months (mezn, 2.4 months). Nine patients were di-
agnosed on the bisis of other radiolpgical examinations
investigating new symptoms, and two patients were diag-
nosed upon reinvestigation because of symptoms that had
persisted since the initial assessment.

5. Surgical procedures

The anterior-posterior-anterior {A-P-A) method (anterior
distectomy, posterior release and/or partial facetectomy,
reduction and instrumentation, and anterior bone graft-
ing) (Fig. 1) was perfoimed for nine patients (five at DF
stage 2 and four at DF stage 3); the posteior-antetior (P-
A) method {posterior release and/or partial facetectomy
reduction and institmentation, anterior discectomy, and
bone grafting) was performed for two patients, both at DF
stage 2; and the posterior (P) method {postérior release,
reduction, and fusion) was performed for two patients,
both at DF stage 1 {Table 3), Either spinous process wir-
ing or the lateral mass screw and rod system was nsed
for posterior instrumentation. Lateral flexion-extension
radiégraphy using X-ray images obtained prior to surgery

Fig. 1. 1A} Lateral X-ray obtained immediately after the injury {supine position). The distractive flexion (DF}
injury was not cfear. (B} Lateral X-ray obtained after three weeks {sitting position). C4/5 subluxation due to
the DF injury has been cleared. The patient’s neck pain persisted and left C5 palsy subsequeantly developed. (C)
Magnetic resonance imaging {MRI): T2 sagittal image. The C4/5 disc migrated to the spinal canal. (01 MR T2
sagittal image. Disc hemiation was removed with sufficient spinal cord decompression, +£) Lateral X-ray ob-
tained after surgical treatment with the anterior-pusterior-anterior method using the lateral mass strew sys-
tem and anterior iliac bone grafting. Guod alignment was obtained. :Fi Mubd planar reconstruction-cemputed
tomagraphy (one year after surgeryl. Good bony fusion was cbiained at the C4/5 interve rtebral bhody.
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Fig. 2. {A} Lateral flexion X-ray: C5/B distractive fleyion i H'IJUW. C5 subluxation {FS1), (B} Lalera! extension X-ray: a reductmn position was obtained
with no neurological deterforation. {C} Magnetic resonance imaging {MRI}: T2 sagittal imags. No neurolnglr:al complications eccurred despite G5/6
disc bulging. (B! Lateral X-ray obtained after surgical treatment: posierior reduction and fixatien with spinous pracass wiring and bane grafting
were performed,

confirmed that both patients treated with the P method
alone had obtained a reduction. Radiography had been
performed with the assistance of a spine surgean while the
patient was conscious, and the Tack of any new neurologi-
cal symptoms (spinal cord disorder or radiculopathy} was
confirmed at that time (Fig. 2).

It was initially planned that the two patients who un-
derwent the P-A method would be treated using the P
method alone; however, these patients developed severe
spinal cord disorders. Therefore, anterior decompression
with discectomy and bone grafting were also performed.
Neithér patient achieved reduction, as indicated by lateral
flexion—extension radiography using X-ray images prior
to surgery.

6. Outcomes and complications

There were no intraoperative or postoperative complica-
tiens aniong the nine patients treated using the A-P-A
method or the two patients treated using the P method.
These patients obtained good bony fusion, As described
above, the anterior method was added to the treatment
reglmen of two patients because of the development of
severe spinal cord disorders. In both patients, aggravation
of the spinal cord disorder was caused by increased spinal
cord compression due to intervertebral disc herniation.
In one of these patients, the neurological status deterio-
rated from American Spinal Injury Association Impair-
ment Scale (AIS) E to AIS A immediately after posterior
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surgery: However, one year after undergoing immediate
anterior decompression surgery, the patient’s neurological
status had recovered to AIS D (Fig. 3). The other patient’s
neurological status was AIS D before surgery. Because
neurological deterforation from AIS D to AIS A was noted
immediately after posterior suigery, emergency anterior
decompression surgery was subsequently performed. At
the final follow-up visit two years after presentation, the
patient’s neurological status was found to have recovered
to only AIS C.

The mean surgical time was 229.3 minutes (range, 160~
325 minutes) for the A-P-A method, 64.0 minutes {range,
60-68 minutes) for the P method, and 201.5 minufes
(range, 178-225 minutes) for the P-A method. The mean
blood loss was 269.2 g (range, 89-538 g) for the A-P-A
method, 99.5 g (range, 80-119 g) for the P method, and
152.5 g {range, 108-197 g) for the P-A method.

7. Compliance with ethical standards

This article does not contain any studies with human
participants or animals performed by any of the authors,
Informed consent was obtained from all individual par-
ticipants included in the study.

Diecysinn
Twd probleims can arise regarding old cervical DF injuries.
The first relates to the initial assessment, and the second



Fig. 3. (A) Lateral neutral X-ray; C6/7
distractive flexion injury. (B} Lateral
extension X-ray: @ reduction positiod
could not be ohtained, {C} WMagnetic
rasonance imaging (MBH: T2 sagittal
image. C6/7 disc pratsusion. {D) Lateral
X-ray after surgical treatment: anterior
decompression and bone grafting were
added to the treatment regiden imine-
diately following posterior surgery with
releass, reduction, and fixation because
of the devetopment of peurctopicat de-
terioration as a result of dise herfation
after surgsry. [E} MRI: T2 sagittal image
obtained after swgery. A high-intensity
area remained in the spinal cord.

telates to the surgical procedure. The initial diagnosis and
treatment are performed as emergency medical services,
where it is difficult to sufficiently evaluate the lower cervi-
cal spine because # is hidden by the shoulder [5,6). CT
scanning has become simplified in recent years, allow-
ing the evaluation of bone fractures in the lower cervical
spine. However, spontaneous reduction of anterior dislo-
cation or subluxation without fractures in the lower cer-
vical spine can sometimes occur in association with DF
injuries, but these cannot be accurately evaluated vsing
CT [71. When a cervical spine injury is suspected based
an the circumstances under. which the infury occurved
or because of the presence of symptoms such as severe
neck pain, it-is necessary to carefully apply lateral flexion—
extension radiography using X-ray images, with the assis-
tance of a spine surgeon, in addition to radiography and
CT scans.

In patients in whom the affected segment of the cervi-
cal spine is hidden by the shoulder, it is worth evaluating
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using swimmer's lateial view flexion-extension radiogra-
phy or a CT scan in the flexion position. At our institute,
lateral flexion-extension radiography or CT scans in the
flexion position are performed during the initial assess-
ment and the degree of instability due to soft tissue injury
is evaluated [8]. These investigations should be carefully
performed such that the patient’s neurologicel symptoms
are not aggravated. Recently, many surgeons have been
using magnetic resonance imaging (MRI) to detect soft
tissue injuries. The frequency of performing stress radiog-
raphy is therefore expected to decrease in the future.

Qur patients were surgically treated bécause of the per-
sistence of neck and arm pain or the deterioration of neu-
rological symptoms {4]. These symptoms were caused by
progression of the kyphotic deformity and/or persistent
instability of the cervical spine. Accordingly, when select-
ing the surgical procedure, the goal should be to achieve
both good alignment and bony fusion to reconstruct the
injured cervical spine and avoid worsening any neurologi-



cal symptoms.

Previous reporls have discussed surgical procedures for
old {or delayed presentation) DF injuries, with apparent
advantages and disadvantages for each of these methods
{2,9-11). Bartels and Donlk [2} concluded that the A-P-A
method should be performed for patients with non-acute
bilateral cervical facet dislocations. Hagsan [10] reported
a method involving five steps, with traction in between;
however, the method is very complicated and leads to
a long treatment course. Liu et al. [11] reported that
anatomical reduction can be successfully achieved with
the P-A method, primarily including posterior release,
anterior release, reduction, intervertebral bone grafiing,
and dntérior plating. Howevér, wé are concerned about
the possibility of the failure of reduction via the anterior
method and the low stability provided by anterior plat-
ing for circumferential soft tissue release to the cervical
spine. Basu et al. [12] reported that preoperative traction
is 2 safe and effective initial treatment for patients with
neglected cervical facet dislocation. Traction may be effec-
tive for acute and subacute patients; however, the patients
in that study were treated at 7 to 21 days {(mean, 14 days)
after injury, whereas our patients were treated more than
one month after the injury. Goni et al. [13] suggested that
there was no role for skull traction in neglected DF inju-
ties to the cervical spine after a delay of more than three
weeks. They recommended the Posterior method followed
by the anterior method.

Based on our experience; surgéry can be safely per-
formed without worsening ihe patient’s neurological
symptoms using the A-P-A method (anterior discectomy,
posterior release and/or partial facetectomy, reduction
and instrumentation, and anterior bone grafting), and we
believe that this method should therefore be recommend-
ed, even though it is rather complex to perforni. Based on
their experience, Liu et al. [11] recommended either the
P-A method (posterior release, anterior release, reduction,
intervertebral grafting, and anterior plating) or the P-A-P
method {posterior release, anterior reduction and plate
fixation, and posterior instrumentation). However, the
Posterior method has advantages in terms of safety and
strength for instrumentation during the reduction and for
arranging spinal alignment. We therefore consider the A-
P-A method to be more reasonable and to able to provide
better outcomes than the P-A and P-A-P methods. In any
case, circumierential release, fixation, and bone grafting
are likely 1o be necessary in patients with old DF injuries
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Frograesion of kyphotic deformity
Persistence of neck pain and/or neurclogical symptom(s)

Yes ’ No
Surgical reatment

Neurological symptom(s} {myeiopathy and/for radiculapathy}

N

Yes No

Reducible subluxation without neurological symptom{s}
{Lateral extension radiography using X-ray imege}

No ' Yes

L |
A-P-A method P method

Fig, 4. Flowchart for selecting the surgical method for ireating pa-
tients with old distractive flexion injuries. A-P-A, anteripr-posterioe-
anterior; P, posterfor.

associated with neurological syniptoms and/or kyphotic
deformities.

The P method can be applied in patients at DF stage 1;
using this method, good reduction is achieved on lateral
extension radiography using X-ray images prior to sur-
gery, without worsening the patient’s neurological symp-
toms or disc herniation on MRI (Fig. 4).

Our experience of patients with old cervical DF injuries
in which one or more months have passed since the trau-
ma has shown that forcible reduction via posterior release
alone results in an excess load to the anterior element
(intervertebral disc) during the process of scar formation,
bringing the risk of deterioration of the patient’s neurolog-
ical symptoms due to hernjation of the intervertebral discs
{14). The optimal type of surgical management should be
determined not only by the label of “old” but also based
on whether there is an irreducible condition due to scar
formation resulting from the microinstability of an old
DF injury. The A-P-A method is considered to be a rea-
sonable, safe, and reliable procedure that can be applied
for patients with old DF injuries of the subaxial cervical
spine, The P method can be applied, such as in patients at
DF stage 1, in whom good reduction is achieved on lateral
extension radiography using X-ray images prior to sur-



gery, without a deterioration in the patient’s neurological
symptoms or disc herniation on MRL’

A limitation of the present study was the small popula-
tion size (only 13 patients). However, this was inevitable,
as this kind of lesion is infrequent: We nevertheless hope
that our clinical experience can help spine surgeons safely
treat patients with old DF injuries.

Canclusions

Because surgical treatment is more ¢omplicated and dan-
gerous for patiénts with old DF injuries than for those
with acute DF injuries, the surgical method must be care-
fully considered. Circuinferential release, fixation, and
bone grafting of the spinal column are likely to be neces-
sary in patienis with old cervical DF injuries associated
with neurological sympioms and/or kyphotic deformities.
The A-P-A method (anterior discectomy, posterior release
and/or partial facetectomy, reduction and instrumenta-
tion, arid anterior bone grafting) is considered to be a rea-
sonable, safe and effective surgical procedure for treating
patients with old cervieal DEjnjuries.
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Introduction

Rehabilitation medicine was established after Wozld
War I after political pressure to care for injured war
veterans, with the aim of improving the daily living
and quality of life of individuals with war-related
disabilities.! Subsequently, the scope of rehabilita-
tion medicine extended to otherwise healthy indi-
viduals who suffered traumatic spinal cord injury
(SCI). During the past five decades, rehabilitation
medicine has become a recognized clinical specialty
in many countries, including the USA, UK, Australia

® 2017 Japanese Society for Neursimmunology

Abstract

Rehabilitation medicine has made dramatic and successful progress in
recent years, and neurologists and physiatrists have faced greater challenges
in coordinating the clinical management of patients with spinal cord injuries
{5Cl). To ensure the best clinical outcome in SCI, physfatrist need to compre-
hend the dysfunctions of various body systems and the physiological
aspects of the central nervous, musculoskeletal and autonomic nervous sys-
tem, as well as the social support system. Furthermore, the rehabilitation
team, including physiatrists, nurses, physical therapists, social workers and
peer supporters, should provide surgical treatment, clinical management,
drug therapy and optimal assistance for SCl. We believe that the first impor-
tant task in the management of SCI patients is precise diagnosis of the site
of the spinal cord lesion. This should be followed as soon as possible by
spinal surgery to stabilize the vertebral column. The day after surgery, the
patient should be handled by the rehabilitation team. Orthostatic loads
should be applied, and exercise of the remaining muscles should begin in
order to ensure early mobilization and satisfactory repair. Our group has car-
ried out extensive research into the pathophysiclogy of the cardiovascular,
respiratory, endocrine and autonomic nervous systerns and exercise
responses in SCI, and reported the benefits and improvements of early
mobilization and exercise, and the safety of physical medicine and rehabili-
tation. The rehabilitation team should foilow these individuals closely to
provide long-tetm clinical care, and deal with social issues arising durlng
the chranic phase. Participation in sports activities (para-sports} could werk
well to improve the physical condition of these individuals.

and Japan. Today, physiatrists (i.e. a physician who
specializes in physical medicine and rehabilitation)
face several challenges in the management of reha-
bilitation wards in addition to the coordination of
clinical care of patients with SCI with physicians of
other specialties. To achieve optimal clinical out-
comes, physiatrists have to understand both the
physiological/clinical/social issues of clinical care plus
manage the entire rehabilitation team including
nurses, physiotherapists, occupational therapists and
case managers to deliver optimal medical and social
support for SCI patients.
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Figure 1 Percent change in mean blood pressure in contrel {n = 6)
and spinal cord injury subjects {r = 8) during 3 min of cold pressor test
{foot Immersion in 0°C water) and 3 min of recovery. Data are
mean o= SEM. *P < 0,05, compared with the contro] perlod. *P < 0.05
control versus spinal cord Injury subjects,

complications. In a study that compared patients
with chronic thoracic SCI and healthy subjects, our
group evaluated the vessel diameter, blood flow
velocity, and flow volume in the left and right caro-
tid arteries using high-resolution B-mode ultra-
sonography.” The results showed lower flow volume
and flow velocity in the common carotid arteries of
SCI than healthy subjects.

Isometric muscle contraction (static exercise)
induces a major circulatory response, and increases
in blood pressure and heart rate in normal subjects.®
In this regard, some researchers raised concems
about excess pressure response during static exercise
in SCL* Our group investigated static exercise-
induced pressor response and blood redistribution in
non-exercising muscles during static exercise in SCI
individuals and normal subjects.” In the study, we
non-invasively measured the mean blood pressure,
heart rate, cardiac cutput, total peripheral resistance,
leg skin blood flow and leg muscle blood flow during
2 min of arm static exercise at 35% maximal volun-
tary contraction. All of the aforementioned parame-
ters increased in both the SCI and normal subjects
during maximal voluntary contraction, and the
amounts of the increases were similar. The results
also showed that sympathetic vasoconstriction in the
resting leg area did not contribute to the pressor
reflex during 35% maximal voluntary contraction of

© 2017 Japanese Soclety for Neuroimmunclogy
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arm static exercise. These findings suggest that static
exercise in SCI was not worse compared with nor-
mal subjects.

In another study, we also compared the pressor
response with. static exercise in patients with, cervical
SCI (CSCL spinal lesion at C6-C8 level) and normal
subjects. Static exercise significantly increased blood
pressure in both CSCI and normal subjects (Fig. 2).*
In contrast, the same exercise increased the heart
rate in normal subjects, but not in CSCI patients.
The significant increase in blood pressure observed
in the study indicates the presence of a peripheral
control loop from muscle receptors, which evoked
pressor response during static exercise in SCI sub-
jects.

Pressure sores in SCI|

Pressure ulcers remain a major problem in SCI, as
the condition compromises quality of life for finan-
cial, physical and psychological reasons. Pressure
ulcers occur almost exclusively over bony promi-
nences that are subjected to excessive pressure for a
length, of time, and inevitably resolve once such
pressure is avoided. Therefore, it is likely that ische-
mia as a result of supracapillary pressure is the main

—QC— Contro}
—®— S50

-k
o
—

pressure {mmHg)

(=2 4}

A Mean arterlal blood

AHeart rata (b.p.m.)
]
"

Time {min}

Figure 2 Changes (4) in (2) mean blocd pressure and (b) heart rate in
control {n=7) and spinal cord injury (SCY) subjects {n =7) during
2 min of static exercise (35% maximal voluntary contraction) and 4 min
of recovery. Data are mean =+ SEM. *P < 0.05, compared with the pre-
exercise period. *P < 0.05, compared with 5C| subjects,
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century. Dr Nakamura provided clinical care for a
large number of SCI patients, and his effort resulted
in the stabilization of their medical conditions. Hovw-
ever, most of these patients had to stay in hospitals
for the remainder of their lives. Sir Goodman estab-
lished the basis of rehabilitation medicine for SCI,
and Dr Nakamura started his clinical training in reha-
bilitation medicine in 1960 with Dr Goodman at the
Stoke Mandeville Hospital, Aylesbury, UK. After
completing the training and returning to Japan, Dr
Nakamura established Japan Sun Industries in 1965
at Oita Prefecture. The purpose of that project was to
provide jobs for individuals with physical disabilities.
However, the project offered only small handicraft
jobs, with much disappointment to Dr Nakamura.
Consequently, he popularized the slogan, “No char-
ity, but a chance” for individuals with disabilities,
and hired the firm to complete his dream. In 1972,
Japan Sun Industries grew dramatically after estab-
lishing joint ventures with modern industrial enter-
prises: Sony, Honda, Mitsubishi, Denso and Omron.
These large companies decided to join the project,
and constructed subsidies at Oita. Before his death in
1984, Sun Industries had established several branches
at Aichi, Kyoto and Ohga. Since then, the Japanese
government legislated several regulations regarding
employment of individunals with disabilities; persons
with disabilities must form at least 1.8% of the work
force in most Japanese corporations.

Age-related problems in SCl

At the time of the establishment of Sun Industries,
all employees were young individuals; and the
majority were aged <30 years. When the Author
started working with Sun Industries in 1984, aging
of individuals with disabilities was not an issue and
was never discussed, as most physicians believed
that the majority of such individuals would die
within 20 years of the injury. At present, however,
most individuals with disabilities can live more than
30 vears after the injury, particularly as they are
provided with optimal medical support and look
after their own condition.

Although individuals with chronic SCI suffer from
many of the same medical disorders of their able-
bodied counterparts, the clinical manifestations of
these medical conditions might be atypical because
of the complex physiological changes associated with
spinal cord transection, as described previously.>***
However, there is very little information at present
regarding age-related clinical problems in individuals
with disabilities.

@ 2017 Japanese Scciety for Neuroimmunclogy
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Age-related changes in maximum oxygen
consumption and sports activities in SCI

The first physiological age-related change is a decline
in cardiovascular function and physical fitness.
Sadly, this issue has rarely been investigated in SCL
Approximately 20 years ago, we measured the maxi-
mum oxygen consumption (VO.max) of Japanese
wheelchair sports athletes with SCL'® Later, we
invited some of the individuals who participated in
the aforementioned study to join a follow-up study,
and examined age-related changes in VO.max, as
well provided information on their daily physical
activities and training that could have influenced
physical capacities. Seven athletes with SCI who par-
ticipated in the 4th, 5th and 6th Oita International
‘Wheelchair Marathon Race were examined approxi-
mately 20 years ago, and re-examined for VO,max
to determine the longitudinal changes in physical
capacity. First, as expected, there was a large
interindividual variability (Fig. 3);"* the VO,max of
participants A-F, who had continued participation in
marathon racing, was almost maintained or
increased over the 20-year period. Second, the
VO,max markedly increased in participants B and F,
who had undertaken regular exhaustive training.
Third, in participant G, who had not carried out any
sports activity during the same period, the VO max
was decreased by 53%. These results suggesi that
vigorous physical capacity reflected the sports activi-
ties in individuals with SCI.

In the past, it was thought that excessive exercise
in SCI individuals could add insult to the neuro-
muscular and skeletal system as a result of altered
physiology; however, our results showed that one
of the highest load exercise, the wheelchair full
marathon race, increased physical capacity. There-
fore, we recommend the participation in sports
activities to SCI individuals, and that the workload
under medical observation can be more than mod-
erate exercise.

Mechanical ventilation for high-level C5Cl

Most patients with high-level CSCI; that is, above
C3, are dependent on long-term ventilatory support,
and frequently suffer ventilatory insufficiency. Wicks
and Menter reported that the level of 5CI was a
major determinant of ventilator independence; 85%
of Cl patients, 72% of C2 and 40% of C3 were
dependent on mechanical ventilation.'® During the
acute phase of CSCI, the mechanical ventilator with
the cuffed tracheostomy tubes should be set at low
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Assessment of chest movements in tetraplegic patients using
a three-dimensional motion analysis system
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ABSTRACT We used optoelectronic plethysmography (OEP) to evaluate the effects of
posture on chest and abdominal movements during respiration in patients with chronic-stage
complete spinal cord injuries. The subjects were five cervical injury patients (male, C4-C8
injury, American Spinal Injury Association Impairment Scale grade A) and five healthy people
matched to each of the cervical injury patients for age, height, and weight. The chest wall
movement each of the subjects was recorded using OEP during six quiet breathing and three
deep breathing periods in each of the following positions: supine, with the trunk elevated to 307,
and with the trunk elevated to 60° Data on the chest wall volume and compartment volumes
{upper thorax, lower thorax, abdomen) were then compared ameong the postures. During quiet
breathing in the tetraplegic patients, the change in upper thorax volume was smaller at the end
of inhalation than at the end of exhalation, presenting as a paradoxical breathing pattern. During
deep breathing in the tetraplegic patients, abdominal volume accounted for a large portion of
the change in total chest wall volume. Posture affected the recorded abdominal volume; volume
was greatest in the supine position and decreased as the posture became more upright.
doi!10.11482/KMJ-E43(2)95 (dccepted on Octaber 12, 2017)
Key words : Spinal cord injury, Optoelectronic plethysmography, Respiration, Paradoxical breathing,
' Three-dimensional motion analysis system

INTRODUCTION

In 1963, Stone and Keltz! published the first
detailed report on the pulmonary functions of
patients with cervieal and thoracic spinal cord

injuries. Since then, there have been reports

on how respiratory dysfunction due to spinal

cord injury relates to injury level?™ ¥

and lung
complicationss"ﬂ. In patients with complete
cervical spinal cord injuries, even if the diaphragm

is spared, the main respiratory muscles (such as
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Fig. 1. Positions of the reflective markers on the chest wall,

would not be covered by the subject’'s body. The
subject’s shoulders were slightly abducted so the
markers on the chest wall could be photographed
using the cameras. The respiratory movements were
recorded using an optoelectronic motion analysis
system (VICON MZX, Motion Capture Systems,
Oxford, UK), with six infrared cameras placed
around the subject. It was confirmed that all the
markers could be photographed with the infrared
camerag and checked on a PC so that the 3D
coordinates would be obtained without loss.

Next, the subjects were given sufficient time
to breathe naturally and instructed to perform a
period of quiet breathing followed by a period of
deep breathing, and to repeat this several times.
For deep breathing, the procedure for measuring
vital capacity with spirometry was as follows: the
subjects were instructed to perform a series of at
least three maximum inhalations and maximum
exhalations. After data were recorded in the supine

position, the trunk was raised to 30°, followed by

-248-

60° the same assessment being performed in each
posture. The coordinate data were saved at 120-Hz
sampling,

The suspension criteria were: (1} subject asked to
stop, (2) subject complained of severe fatigue, and

(3) an adverse event occurred.

Estimation of chest wall volumes

We placed 45 infrared reflective markers on
the anterior and lateral surfaces of the chest and
abdominal walls, Next, virtual markers were defined
at points where lines dropped perpendicular to the
bed from each marker on the chest wall intersected
with a reference plane created by the four markers
on the bed (Fig. 2). The volume of the total chest
wall (Vcw) and the volume of each compartment
were calculated from the markers’ 3D coordinates
using the methods of Ferrigno and Carnevali ef
al® and Wang et al. @, Vew was divided into
compartments as follows: volume of the upper

thorax (Vyy), volume of the lower thorax (Vy;), and



Sugiyama T, et al. : Chest movement in tetraplegics 99
Table 1. Characteristics of the tetraplegic patients and the control group
Study Group Age (years) Height (cm) Weight(kg)  Neurological Jevel
WRIEC 40+141 108252 G18* 136 CHCHCHCHCH
control 40107 1678%19 681 %113
(n=5)
p-Value 0.807 0.262 0.445
All the presented values are means £ standard deviation. In the last line, the p-values of the
comparison between tetrapiegics and controls are shown. All the tetraplegic patients were classified
as American Spinal Injury Association Impairment Scale (AIS) A. The sex of all the subjects in
both groups was male,
five patients (age, 18-54 years; height, 164-178
cm; body weight, 47.3-81 kg; time from injury, ) —_—e
327-4,364 days) (Table. 1) and the control group 1.501 eren 300
. . === Gon
of five healthy subjects (age, 29-55 years; height, 1251 - .
165-170 cm; weight, 53-75 kg) completed all the 1001 ? i - * P<0.05
m 1L H
procedures. The final analysis was performed on all (o4 751 L i .
. + P -
these subjects. f‘ I Py
< 507 Y
-l
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Effects of posture on volume changes of the fotal
004

chest wall during quiet breathing

‘We compared volume changes of the total chest
" wall during quiet breathing [ AV¢y (QB)] at each
posture between the control and tetraplegic groups
(Fig. 3).

The mean AV.y (QB) in each posture differed
significantly between the confrol and tetraplegic
groups. Additionally, AVey (QB) increased in the
contral group as the posture became more upright;
however, the differences were not significant. In
‘the tetraplegic group, AVcey (QB) was significantly
greater at 30° than at 60°.

Effects of posture on volume changes of the total
chest wall during deep breathing

The mean value of AVy (DB) at each posture
differed significantly between the control and
tetraplegic groups. Significant changes in AV¢y
(DRB) due to posture were not observed in the control
group. In the tetraplegic group, however, AVoy
(DB) tended to decrease as the posture became more

upright and was significantly greater at 0° than at

60° (Fig. 4).
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control {(n=5) tetraplegics (n = 5)

Fig. 3. Comparison of AVy (QB) due to posture between the
control and tetraplegic groups.

Each bar indicates the standard deviation, and the center of
bar indicates the mean. AV (QB) expresses the change in
chest wall volume during a period of quiet breathing that is
equivalent to tidal volume by spirometry. The AVqy (QB)
value tended to increase in the control group as the trunk
was raised, but the differences were not significant. In the
tetraplegic group, AVey (QB) was significantly greater
at 30° than at 60°. In the same posture, AV, (QB) was
significantly lower in the tetraplegic group than in the control
group.

Effects of posture on AV ey (ERV)/AV o (DB)

We compared AVoy (ERV)Y AV oy (DB) at each
posture between the control and tetraplegic groups
(Fig. 5). At the same postures, AV (ERVY AV
{DB) tended to be lower in the tetraplegic group
than in the control group, however no significant
differences were observed. AVey (ERVY AVew
(DB) tended to increase as the trunk was raised
in both the control and tetraplegic groups, but the

differences were not significant.
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Fig. 6. AV, (QB) and changes in each compartment volume,

Volume change of the upper thorax during guiet breathing [ AVy; (QB)], volume change of the lower thorax during quiet
breathing [ AVi;(QB)), velume change of the abdomen during quiet breathing [ AV, (QB)], volume change of the total chest
wall during quiet breathing [ AV, (QB)]. In the control group, a significant difference was only observed for AV, (QB) between
30° and 60°. In the tetraplegic group, AVy; (QB) at 0° was significantly different than at 30° and 60°, and AV, (QB) and AVey
(QB) were significantly greater at 30° than at 60°,

AV (DB)
AV, (DB)
AV, (DB)
ANy, (DB)

* P<0.05

Volume change
L

-4 Odegree 30degree 60degree _4.| Odegree 30degree 60 degree
control (n =5) tetraplegics (n = 5)

Fig. 7. AV¢y (DB) and changes in each compartment volume,

Volume change of the upper thorax during deep breathing [ AV (DB)], volume change of the lower thorax during deep breathing
[AVy; (DB)], volume change of the abdomen during deep breathing [ AV,y (DB)Y], volume change of the total chest wall during
deep breathing { AV (QB)]. No significant differences in AV, (DB) due to posture were observed in the control group. In the
tetraplegic group, AVyy (DB) at 0° was significantly different than at 30° and at 60°; AV, (DB) at 0° was significantly different
than at 60°; and AV, (DB} at ° was significantly different than at 60°. Both AV, (DB) and AVey, (DB) decreased ag trunk
angle increased.
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expiratory reserve volume (ERV) and increased
residual volume (RV) due to lower forced expiratory
capacity. AVcy (ERV)Y AV¢y (DB) served as an
indicator of the percentage that expiratory effort
occupied among the factors causing decreased vital
capacity. In the present study as well, AVy was
lower in spinal cord injury patients than in heaithy
people, and AVy (ERV)/ AV.y (DB) was also
lower but not significant. It was expected that AV ¢y,
(ERV)/ AV ¢y would decrease because abdominal
and intercostal muscle paralysis in tetraplegics
makes effort expiration difficult. However, because
there is a considerable difference in the average
value, it seems possible that the number of cases

was insufficient, and further study is necessary.

Effects of posture

The results of the current study show that the
volume change was larger both in the chest and
abdomen in supine position. It seemed that,
considering the possibility that the difference in
posture affects the load amount in respiratory
muscle strengthening and exercise loading, we
should pay attention to exercise posture when we
plan exercise protocol in such patients.

A previous study by Miceinilli et al® assessed
subjects in two positions (supine and sitting in a
wheelchair), whereas the present study evaluated
three trunk angles (0°, 30°, 60°). Another study by
Romei et al.*” found that when the trunk angle
of healthy women was increased from supine to
a reclining sitting position, the proportion of the
abdomen that comprised the ventilatory volume
of a breath decreased significantly, although no
significant difference was observed in healthy
men. They also found that respiration in the sitling
position was influenced by the presence or absence
of a backrest. In the present study, all assessments
were performed using a backrest.

Past studies found that, in healthy people, chest

movements comprise a relatively large percentage

~251-

during respiration in the standing and sitting
positions compared with the supine position,
while the abdomen makes up a relatively small
percentagels‘ 8

In tetraplegic patients, volume change of the
lower thorax during quiet breathing [ AV (QB)]
decreased as the posture became upright, although
AVyr (QB) was a negative value consistently and
was not influenced by posture. Abdominal content
creates pressure on the diaphragm in the supine
position; however, in the upright position it does
not, making the diaphragm work more efficiently.
This phenomenon makes the rib cage be pulled
up to the cranial direction, so it is considered that
there is little movement in the supine position in
tetraplegics.

During deep breathing, the accessory breathing
mugeles seemed to work because AVy; (DB) no
longer had a negative value. In this situation, it
seems that movement of the diaphragm directly
affected AVcy (DB).

A study by Agostoni et al.'® reported that
abdominal compliance increased in the supine
position even in healthy people. Goldman et al.®
reported that, in the supine position, abdominal wall
compliance was 77% higher in spinal cord injury
patients than in healthy people. These findings help
substantiate the increase in volume change of the
abdomen ( AV,p) that we observed in the supine

position.

CONCLUSION

In the present study, we performed a motion
analysis using OEP fo evaluate the effects of posture
on the breathing pattern of patients with complete
spinal cord injuries. During quiet breathing,
spinal cord injury patients exhibited paradoxical
movements of the upper thorax and abdominal
movements made up the greatest percentage of
respiratory movement. During deep breathing,

tetraplegic also exhibited a breathing pattern that
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Abstract

Summary This study showed that bisphosphonate was safe
and effective for the treattnent of bone disorders in stage 4
chronic kidney disease (CKD) rats. Intermittent teriparatide
therapy showed an anabolic action on bone even under sec-
ondary hyperparathyroidism conditions without having an ad-
verse effect on mineral metabolism in late-stage CKD.
Introduction Patients with late-stage CKD are at high risk for
fragility fractures. However, there are no consensus on the
efficacy and safety of osteoporosis medications for patients
with late-stage CKD. In the present study, we aimed to exam-
ine-the efficacy and safety of alendronate (ALN) and
teriparatide (TPD) for treating bone disorder in late-stage
CKD with pre-exisiing secondary hyperparathyroidism using
a rat model of CKD.

Methods Male 10-week-old Spragne-Dawley rats were sub-
jected to a 5/6 nephrectomy or sham surgery and randomized
into the following four groups: sham, vehicle (saline subcuta-
neous (sc) daily), ALN (50 pg/kg sc daily), and TPD (40 pg/
kg sc daily). Medications commenced at 24 weeks of age and
continued for 4 weeks. Micro-computed tomography, histo-
logical analysis, infrared spectroscopic imaging, and serum
assays were performed.

Resulis Nephrectomized rats developed hyperphosphatemia,
secondary hyperparathyroidism (SHPT), and high creatinine,
equivalent to CKD stage 4 in humans. ALN suppressed the

B4 M. Takahata
takamasa@med.hokudai.ac.jp

Department of Orthopedic Surgery, Hokkaido University Graduate
School of Medicine, Kita-15 Nishi-7, Kita-ku, Sapporo 060-8638,
Japan
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Chitose Institute of Science and Technology, Chitose, Japan
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bone turnover and increased the degree of mineralization in
cortical bone, resulting in an improvement in the mechanical
properties. TPD further increased the bone turnover and sig-
nificantly increased the degree of mineralization, micro-ge-
ometry, and bone volume, resulting in a significant improve-
ment in the mechanical properties. Both ALN and TPD had no
adverse effect on renal function and mineral metabolism.
Conclusions BP is safe and effective for the treatment of bone
disorders in stage 4 CKD rats. Intermittent TP therapy
showed an anabolic action on bone even under SHPT condi-
tions without having an adverse effect on mineral metabolism
in late-stage CKD.

Keywords Bone quality - Chronic kidney disease -
Hyperphosphatemia - Osteoporosis medication - Secondary
hyperparathyroidism

Introduction

Patients with chronic kidney disease (CKD) have a 2- to 14-
fold higher fracture risk than that of the general population [1,
2], and the incidence of fracture increases ag the CKD stage
increases [3, 4]. Because patients with CKD experience frac-
tures more frequently than expected from bone mineral
density-based predictions [5-7], the increased fracture risk in
patients with CKD is attributable to bone quality abnormali-
ties in addition to bone loss. Previous studies demonstrated
that the abnormal mineral metabolism caused by CKD,
termed CKD-related mineral and bone disorder (CKD-
MBD) [R], leads to secondary hyperparathyroidism (SHPT)
with vitamin D insufficiency, increased fibroblast growth fac-
tor 23 (FGF-23), and hyperphosphatemia, resulting in abnor-
mal bone turnover and mineralization.

@_ Springer
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A problem in the management of osteoporosis in CKD is
that the information regarding the safety and cfficacy of oste-
oporosis medications is lacking, especially for patients with
CRD stages 4 and 5 (late stage) who are more susceptible than
patients with CKD stages 1-3 to fiagility fractures. Although
anti-ostecporotic agents, such as bisphosphonate (BP) or
teriparatide (TPD), reduce the fragility fracture risk among
patients with mild CKD [9], the safety and efficacy of BP
and TPD for late-stage CKD (stages 4 and 5) patients are
not entirely clear because clinical trials have not been per-
formed on patients with CKD stages 4 and 5 due to safety
concerns. Therefore, the data obtained from an animal study
examining the effects of these medications on CKD-MBD
should provide important information that will help establish
a treatment steategy for osteoporosis in patients with late-stage
CKD.

In the current study, we investigated the efficacy and safety
of BP and TPD for the treatment of hyperparathyroid bone
disease in late-stage CKD using 4 rat 5/6 neplrectomy model
and focused on how BP and TPD improve bone quality, in-
cluding material properties and structural properties, and on
whether intermittent TPD therapy shows an anabolic effect on
bone under SHPT conditions.

Materials and methods
Animal model and expertmenial design

All animal studies were performed in accordance with proto-
cols approved by the Hokkaido University Committee on
Animal Resources. Male Sprague-Dawley rats (n = 24;
8 weeks of age; CLEA Japan Inc., Tokyo, Japan) were main-
tained at 20 °C on a 12-h light/dark cycle with free access to
water and rat food containing 0.98% calcium (Ca) and 0.80%
inorganic phosphorus (IP) (Labo MR Stock; Nosan
Corporation Life-Tech Department, Yokohama, Japan).
Following a 1-week adaptation period to the new environ-
ment, all rats were stratified according to body weight and
underwent a two-third left nephrectomy. Two weeks after
the first surgery, a right nephrectomy or sham operation
(sham) was performed [10]. After the two-stage 5/6 nephrec-
tomy surgeries, all rats were randomized into three groups
within each stratum according to the following treatments:
vehicle control group (n = 6), alendronate (ALN) group
{n = 6), and TPD group (n = 6) (Fig. 1). ALN (LKT
Laboratories Inc., MN) at a dosage of 50 ug/kg/day was ad-
ministered to the animals by daily subeutaneous injection,
Recombinant human TPD (Forteo®; Eli Lilly Ltd., Kobe,
Japan) at a dosage of 20 pg/kg/day was administered to the
animals by twice-daily subcutaneous injections (total 40 pg/
kg/day). These doses were selected based on previous studies

@ Springer

[11, 12]. Sham-operated controls also received vehicle
treatinent,

Serum chemistry tests

Seraum chemistry tests were performed using the blood col-
lected at 24 weeks of age (the onset of treatment) and at
28 weeks of age (the time of sacrifice). Serum was separated
from the blood taken from fasted animals via centrifugation
(30 min, 3000 rpim) at 4 °C and stored in single-use aliquots at
—80 °C until analysis. Blood urea nitrogen (BUN), creatinine
(CRE}, and TP levels were measured using enzymatic
methods. Ca levels were measured by the o-cresolphthalein
complexone method. FGF-23 and intact-parathyroid hormone
(i-PTH) levels were measured using an enzyme-linked immu-
nosorbent assay (ELISA) kit,

Biomechanical testing

A three-point bending breakdown test was performed on the
femoral shaft using a load mechanical universal testing ma-
chine (RTC-1310, AND Corp., Tokyo, Japan). The femur was
placed with its anterior surface facing upward on the two
lower support bars that were 14 mm apart, The load was ap-
plied ata rate of 0.2 mm/min until breakage. The ultimate load
(N) and stiffhess (N/mm) were calcunlated from the load-
deformation curve. The load-displacement data were normal-
ized 1o obtain inlrinsic material properlies, such as ullimate
stress and elastic modulus, which are independent of cross-
sectional size and shape [13, 14].

Micro-computed fomography analysis

The right femur and fifth lumbar vertebral body were scanned
individually by micro-computed tomography (CT) (R_mCT2;
Rigaku, Tokyo, Japan) at a 20-pm isotropic resolution. For the
fernur, a 2000-um area of interest of 100 slices that
encompassed the distal metaphysis, starting from 500-pm
proximal to the growth plate, was used to assess the bone
maoiphology. For the lumbar vertebral body, an area from the
upper growth plaie to the lower growth plate was used to
assess the trabecular bone morphology.

Trabecular bone parameters of the distal femur and verte-
bral body, including the volumetric bone mineral density
{(vBMD), trabecular bone volume fraction (BV/TV), trabecu-
lar number (ToN), and trabecular thickness (TTh), were de-
termined using TRI/3D-BON software (Ratoc System
Engineering Co., Tokyo, Japan) in accordance with the guide-~
lines described by Bouxsein et al. For cortical bone analysis of
the distal femur, the cortical thickness (CtTh) and polar mo-
ment of inertia (J) were determined [15].

-254-
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Fig. 1 Experimenial model and
design, A schematic diagram of
two-stage rat 5/0 nephrectomy
(Nx) surgery and the weatment
schedules for the osteoporosis
medications are shown
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Histology and histomorphometry

For dynamic bone formation analysis, calcein (20 mg/kg;
Dojindo Laboratories, Kumamoto, Japan) was injected subou-
taneously at 10 and 3 days before the rat was killed. The
femora were fixed in 70% ethanol and stained with
Villanueva bone stain. These specimens were then subjected
to undecalcified tissue processing. The specimens were em-
bedded in methy! methacrylate (MMA; Wako Chemicals,
Kanagawna, J apan) and sectioned at 5 ywm in the coronal plane.
The distal femur was examined by fluorescence micrascopy
(BX53, Olympus, Tokyo, Japan) to evaluate the dynamic pa-
rameters of bone fonnation. Histomorphometric analysis was
performed using ImageJ (NIH, Bethesda, MD). The measured
parameters for trabecular bone of distal femur included total
tissue volume (T. Ar), bone volume (B. Ar), osteoid volume
(0. Ar), bone surface (B. Pm), osteoblast surface, eroded sur-
face, single- and double-labeled surfaces (sL. Pm and dL. Pm,
respectively), and inter-label width. These data were used to
calculate the percent bone volume (B. Ar/T. Ar), percent os-
teoid volume (0. Ar/B. Ar), osteoblast number, osteoblast
surface (Ob. Pm/B. Pm), eroded surface (E. Pm/B. Pm), min-
eral apposition rate (MAR), and bone formation rate (BFR/B.
Pmy} in accordance with the standard nomenclature proposed
by Dempster et al. [16].

Fourier transform infrared spectroscopic imaging

The femora were fixed in 70% cthanol and were then subject-
ed to undecalcified tissue processing. The specimens were
embedded in MMA (Wako Chemicals, Kanagawa, Japan)
and sectioned at 3 um in the coronal plane. The sections were
mounted on 1-mm thickness BaF, window (Pier Optics,
Japan) to assess bone quality by Fourier transform infrared
spectroscopic (FTIR) imaging. Spectra were acquired with a
Spectrumn Spotlight 400 Tmaging System (PerkinElmer, MA,
USA), consisting of a FTIR spectrometer (Spectrum 400) and
infrared (JR) microscope with a linear array mercury-
cadmium-tetluride (MCT) focal plane ammay detector. FTIR
images were collected in the transmission mode at a spectral
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resolution of 4 cm™* and 1 scan/pixel in the frequency region
from 4000 to 680 cm™! with an IR detector pixel size of
25 % 25 pm.

FTIR spectra were extracted from the FTIR images. After
subtraction of a linear baseline and MMA. spectrum, the FTIR
spectrum was used to characterize the bone quality. A number
of metrics related to bone biochemistry were calculated, in-
cluding the mineral-lo-matrix ratio [MTMR; PO,” (1183~
985 cm™Yamide I (1707-1599 em ™)), which describes the
degree of phosphate mineralization, and the carbonate-to-
phosphate ratio [CTPR; CO;%~ (895-849 cm ™ y/PO*~
(1183-985 con V)], which describes the amount of carbonate
substitution in the apatite crystal lattice [17].

Statistical analysis

Comparisons of data among the sham and CKD vehicle
groups were performed using a Student’s 7 test. Comparisons
of data among the CKD groups were performed using a one-
way analysis of variance and Newman-Keuls tests. A signif-
icance level of P less than 0.05 was used for all comparisons.
Data are represented as the mean + standard deviation (SD).
All statistical analyses were performed using GraphPad Prism
version 5 (GraphPad Software, San Diego, CA, USA).

Results
Rat 5/6 nephrectomy led to CKD stage 4 in rats

When treatment commenced at 14 weeks after 5/6 nephrecto-
my, the serurn BUN and CRE levels were significantly elevat-
ed in the CKD rats compared with the rats in the sham group.
Although the serum Ca levels did not change in the CKD rats,
the serum levels of IP, FGF-23, and i-PTH were significantly
elevated among CKD rats compared with the rats in the sham
group (Fig. 2a). These serologic data suggested that the 5/6
nephrectomized rats developed a condition equivalent to CKD
stage 4 in humans in terms of renal function and mineral
metabolism.
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Fig.2 Effects of ALN and TPD treatments on renal function and mineral
metabolism in 5/6 nephrectomized rats. a Senun chemistry tests for renal
function (BUN, CRE} and mineral metabolism (Ca, 1P, FGF-23, and i-
PTH) 14 wecks afler 5/6 nephrectomy showed that the nephrectomized
rats developed CKD stage 4 at the start of treatment with the osteoporosis
medication. b The effects of 4 weeks of treatment with ALN or TPD on
renal function and mineral metabolism are shown. The ALN and TPD

Effects of BP and TPD on renal function and mineral
metabolism in rats with CKD stage 4

Serum chemistry tests were performed 4 weeks after treatment
with ALN or TPD to assess the cffect of these medications on
renal function and mineral metabolism (Fig. 2b), Neither ALN
nor TPD firther elevated the seram levels of BUN and CRE in
the CKD rats, indicating that 4 weeks of treatment with BP or
TPD did not worsen renal function. Regarding the mineral
metabolism, the rats in the ALN group had decreased serum
levels of Ca and TP compared with those in the vehicle group.
The decrease in IP levels in the ALN group was not signifi-
cant; however, the serum levels of IP in the ALN proup were
equivalent to those of the rats in the sham group, indicating
that ALN normalized the serum TP levels. TPD did not signif-
icantly change the serum levels of Ca and TP. The FGF-23
levels tended to be increased by ALN treatment but decreased
by TPD therapy (mean change of FGF-23 4 weeks after the
treatment from the baseline —10.4 £ 10.6% in the vehicle
gtoup, 12.3 £ 24.3% in the ALN group, and —30.9 + 10.5%
in the TPD group). The i-PTH levels tended to increase in the
ALN group but tended to decrease in the TPD group, albeit
the changes were not stafistically significant (mean change of
i-PTH 4 weeks after the treatment from the baseline
493 + 76.6% in the vehicle group, 150,2 £ 145.6% in the
ALN group, and —28.6  10.9% in the TPD group).
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treatments did not worsen renal function. The ALN treatment normalized
hyperphosphatemia and increased the serum levels of FGF-23 and i-PTH,
albeit not in a statistically significant manner. TPD treatment showed a
tendency to increase the IP levels and decrease the setam levels of FGF-
23 and i-PTH, albeit not in a statistically significant manner. Values
shown are the mean + SD. *P < (.05

Effects of BP and TPD on biotnechanical properties in rats
with CKD stage 4

The biomechanical propertics of the fermoral shaft were eval-
nated by a three-point bending test (Fig. 3). The ferora from
the rats in the sham and vehicle groups did not exhibit any
significant ¢hanges in ultimate load and in stiffiess; in con-
trast, after the 5/6 nephrectomy, the intrinsic material proper-
ties of the femoral shaft deteriorated. Compared with the fem-
ora from the rats in the sham group, the femora from vehicle-
treated CKD rats exhibited a significant decrease in elastic
modulus and bending strength (P < 0.05). Treatment of the
CKD rats with ALN tended to restore the intrinsic material
properties, as well as the ultimate load and stiffness, albeit the
improvement was not statistically significant. TPD therapy
significantly increased the ultimate load, elastic modulus,
and bending strength compared with those of the vehicle-
treated CKD rats.

Effects of BP and TPD on bone volume
and micro-structural properties in rats with CKID) stage 4

We next evaluated the changes in bone volume and micro-
structure of the distal femur and of the fifth tumber vertebral
body (Fig. 4). Compared with the rats in the sham group, the
nephrectomized rats had a statistically significant change in
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Fig. 3 Effects of ALN and TPD treatments on the biomechanical
properties of the femom ir rats with CKD. Although nephrectomy did
not have a significant negative impact on the ultinate load and stiffhess,
the intrinsic material properties, including clastic modulus and bending
strength, worsened in the rats of the vehicle group compared with the rats

the BV/TVin the distal femur; however, there were no chang-
es in the BV/TV in the L5 vertebral body and the vBMD and
structural parameters of the trabecular and cortical bones in
both the distal femur and L5 vertebral body. Compared with
the rats in the vehicle group, the rats in the ALN treatment

a b c
5th lumbar

Fig. 4 Effects of ALN and TPD treatments on the bone morphology of
the femora and fifth lumbar vertebral bodies in rats with CKD. a
Representative coronal cross-sectional views of micro-CT images of the
distal femora 4 wecks after the treatments. b Representative coronal
cross-sectional views of micro-CT images of the fifth lumbar vertebral
bodies 4 weeks after the treatments. ¢, d The quantitative micro-CT
morphometrical data of the trabecular bone and cortical bone in the
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of the sham group. Although BP showed only a tendency to increase
biomechanical parameters, TPD caused a significant increase in the

biomechanical parameters of CKD rats. Values shown are the
mean # SD. *P < 0.05

group had significantly higher BV/TV in the distal femur but
did not have statistically significant changes in other bone
volume and structural parameters. TPD treatment exerted a
significant effect on the bone volume and structure in both
the distal femur and L5 vertebral body. The rats in the TPD
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distal femora and fifth Jumbar vertebral bodies, respectively. The
trabecular bone paremeters included volumetric bone mineral density
{(vBMD), the trabecular bone volume fraction {BV/TV), trabecular
number (TbN), and trabecular thickness (TbTh), and the cortical bone
parameters included the cortical thickness (CtTh) and polar moment of
inertia (J). Values shown are the mean + SD. *P < 0.03
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group had significantly higher bone density (vBMD), bone
volume (BV/TV), trabecular structure (i.e., Tb. Th and Tb.
N), and cortical bone structure (i.e., Ct. Th and J).

Effects of BP and TPD on bone metabolism in rats
with CKD stage 4

To better understand the drug effects on bone metabolism in
CKD rats, we performed dynamic bone histomorphomietry
using calcein-labeled undecalcified histological sections of the
distal femur (Fig. 5). Cornpared with the sham rats, CKD rats
did not have & significant change in B. Ar/T. Ar. ALN did not
change the B. Ar/T. Ar in histology, whereas the rats in the TPD
group had significantly increased B. At/T. Ar compared with
that of the rats in the vehicle group. The osteoid, which is
unmiperalized bone matrix that becomes stained red-purple with
Villanueva staining, was abundant in CKD rats in the vehicle
group, suggesting high bone tumover in CKD rats. Although the
rats in the TPD grovp did not have a significant change in O. Ar/
B. Ar, the rats in the ALN group had significantly decreased O.
Ar/B. Ar compared with the rats in the vehicle group. Analysis
of bone formation and resorption parameters revealed that CKD
tended to increase bone formation (L.e., Ob. Pm/B. Pm, MAR,
and BFR/B. Pm) and significantly increased bone resorption (E.
Pm/B. Pm) compared with the values in the sham group, indi-
cating that CKD induces high bone turnover. Compared with the
CKD rats in the vehicle group, the rats in the ALN group had
significantly decreased bone formation (i.e., Ob. Pm/B. Pm,
MAR, and BFR/B. Pm) and bone resorption (E. Pm/B. Pm).
In contrast, the rats in the TPD group had further increased bone
formation (i.e., Ob. Pm/B. Pm, MAR, and BFR/B. Pm) and
decreased bone resorption (E. Pm/B. Pm) compared with those
of the rats in the vehicle group.

Effects of BP and TPD on bone material properties in rats
with CKD stage 4

To further investigate the drug effects on bone quality, we
evalualed the material properties of bone using FTIR imaging
(Fig. 6). CKD significantly decreased the MTMR of the center
of the cortical bone in the distal femur, which indicates a
reduction in the mineralization of cortical bone, and CKD
decreased the CTPR of both the cortical and trabecular bone
in the distal femur, which indicates the amount of carbonate
substitution for phosphate or hydroxide in the mineral crys-
tals. The decrease in the amount of carbonate substitution in
the bone matrix indicates metabolic acidosis [18, 19]. The
ALN treatment significantly increased the MTMR of the end-
osteal and periosteal regions of cortical bone. Compared with
the rats in the vehicle group, the rats in the ALN group had a
significantly increased CTPR of both trabecular and cortical
bone, which indicates improvement of the metabolic acidosis
in the rats treated with ALN. The TPD treatment significantly
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increased the MTMR of the cortical bone. Although the TPD
treatment increased the CTPR of the trabecular bone, it did not
have a significant effect on the CTPR of the cortical bone.

Discussion

The primary aim of this study was to elucidate the efficacy and
safety of osteoporosis medications in late-stage CKD, which
has not been tested in clinical trials due to safety concerns [20,
21]. In general, dietary phosphorus restriction and calcium
binders are used as the initial treatments of CKD-MBD in
stage 3 and 4 CKD, which were accompanied by moderately
to severely reduced kidney function [22-24]. If these treat-
ments fail to decrease i-PTH levels, active vitamin D analogs
can be used as a second line of therapy [25]. Cinacalcet should
be effective but is not approved for the treatment of SHPT in
stage 3 and 4 CKD [26]. The probiem is the uncertainty in the
efficacy of these treatments for fracture prevention. In con-
trast, osteoporosis medications, including BP and TPD, are
expected to be effective among patients with CKD stage 4
based on their proven effectiveness in fracture prevention for
patients with CKD stages 1-3. If osteoporosis medications
can safely be used by patients with late-stage CKD, then these
should be effective treatment options, especially for the pa-
tients who have a high risk for fragility fracture due to
coexisting ilinesses, such as postmenopausal osteoporosis
and glucocorticoid-induced osteoporosis [27].

Our data suggest that BP, which is a first-line therapy for
most osteoporosis cases [28], is safe and effective for the
treatment of osteoporosis in patients with CKD stage 4.
Although 4 wecks of treatment with ALN only showed 2
tendency to have a positive impact on bone strength, FTIR
imaging and micro-CT analyses demonstrated that ALN im-
proved the material properties of cortical bone and increased
the bone volume of the distal femur in the CKD rats. We
believe that this improvement in bone quantity and quality
reduces the fracture risk in patients with CKD and that
longer-term ireatment with BP may significantly increase
bone strength. Regarding the safety of BP therapy, ALN did
not worsen renal function to any extent. In contrast,
hyperphosphatemia was improved by the ALN treatment.
Furthermore, the rats in the ALN group had significantly in-
creased CTPR of both trabecular and cortical bone compared
with that of the rats in the vehicle group; thus, ALN might
improve the metabolic acidosis in CKD. These results are
consistent with the findings in some clinical studies showing
that BP effectively reduces fracture risk without worsening
renal function in patients with CKD stage 4 [29, 30].

A particularly important question addressed in this study is
whether TPD therapy shows anabolic action on bone metab-
olism even under SHPT conditions. Our data demonstrated
that intermittent TPD therapy did show an anabolic action
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Fig. 5 Eflects of ALN and TPD treatments on the bone metabolism in
rats with CKD, a Micro-graphs showing representative coronal sections
of the distal femora with Villanueva bone staining. Representative bright
field micro-photographs (upper panels) and higher-magnification views
(middle panelsy show that osteoids, which are shown in the red-purple
tegion, are abundant in the rats of the vehicle group, Representative
fluorescence micro-graphis {Jower panels) of trabecular bone obtained at
5-day intervals for double labeling with calcein green show that the rats in

on systemic bone metabolism even under SHPT conditions.
Previous chinical studies reported that TPD therapy was effec-
tive for postmenopausal osteoporosis ammong patients with
mild or moderate renal impairment (CKD stages 1-3) [31];
however, this is the first study to provide clear evidence of the
anabelic action of TPD therapy in CKD stage 4 and under
SHPT conditions. In addition to the remarkable increases in
bone volume, the degree of mineralization, and micro-

lig
ShamVehicle ALN TPD

the vehicle group had more bone formation than the rats in the sham
group; additionally, that TPD furiher prometed bone formation, while
ALN attenuated it. b Bone histomorphomety data, including the bone
volume of tissue volume (B. Ar/T. Ar), osteoid volume of bone volume
(0. Ar/B. Ar), osteoblast surface (Ob, PayvB. Pm), eroded sarface (E. P/
B. Pm), mineral apposition rate (MARY), and bone formation rate of bone
surface (BFR/B. Pm), are shown. Bars = 100 pum. Values shown are the
mean = SD. *P < 0,05

structure, the dynamic bone histomorphometric data support
this idea.

Regarding the safety of TPD therapy, the serclogic data
obtained in this study showed that TPD therapy had neither a
positive nor a negative effect on mineral metabolism as well as
renal finctions in late-stage CKD. Note, however, that 4 weeks
of treatment with TPD tended to decrease serum FGF-23
levels, which may reduce phosphorus excretion, leading to
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Fig. 6 Effects of ALN and TPD treatments on the bone matrix quality in
rats with CKD, Representative FTIR color mapping images of MTMR
(PO, famide T) (a) and CTPR (CO:> /PO, (b} of the distal femur in
the sham, vehicle, ALN, and TPD groups 4 weeks afier the treatments.
Comparisons of the valnes of MTMR (c) and CTPR (d) at the distal
metaphysis of the femur are shown. The values of MTMR and CTPR

exacerbation of hyperphosphatemia. As for the response of
FGF-23 production to intermittent TPD therapy, however, it
is inconclusive whether TPD therapy decreases serum FGF-
23 levels or not. Sridharan M. et al. showed that FGF-23 in-
creased after intermittent TPD therapy in 27 elderly women
with postmenopausal osteoporosis and that there was a positive
correlation between changes in bone formation maker
procollagen-type 1 N-terrninal propeptide (PINP) and FGF-
23 [32). In contrast, it was demonstrated that increased bone
formation down-regulates FGF-23 possibly through dentin ma-
trix protein I (DMP-1} using mouse models manifesting differ-
ing degrees of coupled and uncoupled bone trmover [33].
Furthermore, transgenic expression of DMP-1 was demonstrat-
ed to reduce FGF-23 levels and to rescus the DMP-1-null an-
imals from hypophosphatemia, suggesting that DMP-1 is likely
to act as an inhibitor of FGF-23 expression [34].

There are several limitations of this study. First, we could not
monitor the serum levels of vitamin D (1,25-dihydroxyvitamin
D) and sclerostin, which are associated with CKD-MBD,
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were calculated separately according to the anatomical sites from the
FTIR spectrum. The measured anatomical sites included the trabecular
bone, center of the cortical bone, endosteal side of the corlical bone, and
periosteal side of the cortical bone. Values shown are the mean =+ SD.
*P < 0.05

because the amount of serum obtained from the living rats
was limited. Serum concentrations of vitamin D should be de-
creased due fo suppressed lo-hydroxylase activity in a 5/6
nephrectomy rat model of CKD. However, changes in serum
levels of vitamin D and sclerostin in response to BP or TPD
treatment under the condition of CKD stages 4 and 5 should be
investigated in the future study to better understand therapeutic
action of these drugs on bone in patients with late-stage CKD.
Second, the TPD dosage used in this study corresponds to tens
or hundreds of multiples of the FDA-approved dosage of
20 pgfday for the treatment of osteoporosis. We selected the
dosage of 40-pg/kg body weight TPD per day because a larger
TPD dose is needed to observe significant effects in rodents,
possibly due to the species difference. Finally, we did not eval-
nate the heterotopic mineralization of the vasculature although
hyperphosphatemia induces it. Tt is of interest whether BP or
TPD affects this mineralization. Therefore, how osteoporosis
medications affect cardiovascular tissues in patients with
CKD stage 4 must be evalnated in a fuhwe study.
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It should be noted, however, that findings obtained in this
study can be applicable to hyperparathyroid bone disease but
not to other bone disorders induced by CKD-MBD. It is
known that various pathologic patterns of bone remodeling
are expressed in CKD including hyperparathyroid bone dis-
ease (high-turnover disease), adynamic bone disease and os-
teomalacia (low-twmover bone disease), and mixed uremic
osteodystrophy (high-turnover plus a mineralization defect).
However, a 5/6 nephrectomy rat model used in this study does
simulate SHPT leading to high bone tumover condition but
does not simulate other bone disorders induced by CKD-
MBD. Very recently, Iwasaki et al. demonstrated that partial
nephrectomy does not develop ABD but combination of par-
tial nephrectomy and thyroparathyroidectomy induces ABD
[35]. However, it is uncertain whether this model really
mimics ABD or not becanse ABD is believed to be atiribut-
able to skeletal resistance to PTH and the pathogenesis of
ABD has not been fully elucidated,

In conclusion, BP is safe and effective for the treatment of
osteoporosis in stage 4 CKD rats. BP not only suppresses
bone turnover but also may improve hyperphosphatemia and
metabolic acidosis in CKD rats. Tntermittent TPD therapy
showed an anabolic action on bone even under SHPT condi-
tions, thus resulting in remarkable increases in bene volume,
the degree of calcification, and micro-geometry. Despite the

excellent therapeutic efficacy of TPD in bone, the use of TPD .

in late-stage CKD might require careful attention because it
possibly exacerbates hyperphosphatemia.
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Abstract

Purpose Tmplant failore is a frequent complication in
cormrective surgery for early onset scoliosis, since consid-
erable forces are acting on small and fragile vertebrae.
Osseointegration showing biomechanical and histological
improvement in bone—implant interface (BII) after dental
implant placement has been well investigated. However,

there are no studies regarding osseointegration in immature .

vertebral bone. The purpose was to evaluate the timecourse
of biomechanical and histelogical changes at BII after
pedicle screw placement using in vivo immature porcine
model.

Methods Ten immature porcine were instrumented with
. titanjum pedicle screws in the theracic spine. After a 0-, 2-,
4-, and 6-month survival periods, the spines were harvested
at the age of 12 months. Histological evaluation of BII was
conducted by bone volume/tissue volume (BV/TV) and
bone surface/implant surface (BS/IS) measurements. Bone
mineral density (BMD) measurement and biomechanical
testing of BII were done. :

Results Contact surface and bone volume around the screw
threads were significantly increased over the time. BV/TV
and BS/IS were improved with statistically significant
differences between (- and >4-month (p < 0.001) periods.
BMD in all subjects was determined to be the same
(p = 0.350). Pullout strength was also increased over time
with significant differences between 0- and >2-month
(» < 0.011) periods.
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Conclusion Improved stability at BII caused by osseoin-
tegration was confirmed by in vivoe immature porcine
model. A two-stage operation is proposed based on the
osseointegration theory, in which an implant is installed in
advance in the vertebrae at the first stage and deformity
correction surgery is performed after sufficient stability is
obtained by osseointegration at a later stage.

Keywords Osseointegration - Barly onset scoliosis -
Growing red - Osteotomy - Porcine model

Introduction

Spinal instrumentation has been developed for the purposes
of correction of spinal deformity and spinal reconstruction
after trauma, tumor resection, or degenerative conditions.
As techniques evolved, spinal instrumentation surgery has
been increasingly applied to not only adclescent but also
preadolescent patients. Instrumentation has been used in
young children after spinal osteotomy for congenital scol-
iosis, growth modulation surgery such as growing rods for
early onset scoliosis, and reduction and fusion for fracture
dislocation [1-5]. Spinal instrumentation comprises
anchors such as pedicle screws, hooks, and the others {6]
and longitudinal members such as rods and plates for rigid
fixation of the spinal column. At least two concerns exist
regarding the use of instrumentation in young children and
they are (1) the considerable growth potential of the spinal
column in which implants are set [1, 7-10] and (2) the
vulrerability of the anchor sites due to smali and immature
configuration of the vertebrae to which strong correction
and in vivo forces are applied [2, 3, 5, 11]. In the former
case, the typical problem is that spinal fixation by instru-
mentation surgery interferes with growth of the spinal
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column in the longitudinal direction. A variety of growth
friendly treatment strategies have been developed so far
[2, 5, 12-14]. In the latter case, however, anchor dis-
lodgement with growing rods [5, 13] and instrumentation
failures during deformity correction and hemivertebra
resection for congenital scoliosis [2, 3, 11] are currently
unsolved problems.

In the area of dental implants, a method that has been
widely used consists of a process in which a titanium implant
is inserted into the alveolar bone in advance as a foundation
of an artificial tooth, and a secondary process in which a
prosthesis is installed after the implant is mechanically sta-
bilized for a certain time period [15-18]. This method is
based on the principle of osseointegration described by
Branemark {18]. In osseointegration, histological changes
occurring around the implant are similar to the bone healing
process following fractures. In principle, woven bone
formed at the micro-fractures around the implantis gradually
replaced by lamellar bone that matures after the process of
bone remodeling, so that lamellar bone forms in close contact
with the titanium implant to dynamically stabilize the
implant, The osseointegration in which mechanical proper-
ties of bone~implant interface (BII) improve over time may
be expected to provide better mechanical strength at the
anchor site when corrective surgery is performed in young
children with spinal deformities. However, there has been
neither basic science nor clinical study regarding the appli-
cation of gsseointegration in the field of spinal surgery. The
purpose of this study was to evaluate whether the osseoin-
tegration acours or not after standalone placement of pedicle
screws into vertebrae in an in vivo experimental study using
an immature porcine model.

Methods

The study was conducted with the approval of the Animal
Experiment Committee at our institution (Experiment No.
0532). Ten male Clawn miniature pigs at ages ranging from 6
to 12 months were used, because pig spine has a large sim-
ilarity with human spine in terms of geometry, material, or
biomechanical properties {19). For each animal, the length of
the trunk (the distance between external acoustic pores and
the base of the tail} and bodyweight was measured once a
month. The bodyweight at 6 months after birth was an
average of 20.7 kg (18.5-21.7 kg) and the length of the trunk
was an average of 66.0 cm (65.0-67.0 cm).

Surgical procedures

After ensuring an adequate level of anesthesia, the thoracic
spine was subperiosteally exposed via a midline posterior

approach. The point of insertion and trajectory of pedicle
screws were determined with reference to the vertebral
bone specimens obtained from cubs of the same species.
Monoaxial pedicle screws made of titanium alloy (Ti-6Al-
4V, Showa Ika, Co Ltd., Toyohashi, Japan) with 3.5 mm
diameter and 20 mm length were placed at T10 through
T14, To avoid influence of screw loosening on the BII, all
pedicle screws were placed independently in each vertebra
and not interconnected with rods. Postoperative X-rays
were taken to verify the positions of pedicle screws.

Operations were performed on three animals at the age
of 6 months, three at 8 months, two at 10 months, and two
at 12 months. The animals that had undergone surgery
between the ages of 6-10 months were fed up to the age of
12 months and then euthanized. Two animals operated on
at the age of 12 months were euthanized immediately after
surgery. The animals were divided into 6M Group for those
operated at the age of 6 months, 4M Group for those
operated at the age of 8 months, 2M Group for those
operated at the age of 10 months, and OM Group for those
operated at the age of 12 months, denoting the time for
osseointegration prior to analysis. To standardize condition
of the specimens such as anatornical size and bone maturity
at the time of biomechanical testing, histological analysis,
and bone mineral density measurement, all animals were
killed at the age of 12 months.

After harvest of the thoracic spine, each vertebra was
split vertically along a line connecting the center of the
spinous process and the center of the vertebral body using
an oscillating saw. From T10 to T14, we have obtained
total of 90 vertically split specimens. Of these, 19 speci-
mens that sustained damage such as pedicle fractures and
visible breach of pedicle screws were excluded from
evaluation. Two specimens to be used for histological
investigation were selected randomly from each animal and
fixed with 10% formalin, Qther specimens were frozen at
—25 °C and stored immediately after harvest of the spine.

Biomechanical testing

The frozen specimens were defrosted to room temperature.
Using metallic rods and resin, each specimen was fastened
to 2 jig, such that the screws were perpendicular. The
pullout test jig was installed on the testing machine via a
universal joint, so that the pullout direction would be
always in line with the pedicle screw. The pullout test was
performed using a hydraulic universal tester (EHF-LBS5kN-
4LA, Shimazu Co, Kyoto, Japan) at a pullout rate of 1 mm/
min with a2 maximum displacement of 10 mm. From the
load—displacement curves determined experimentally, the
maximum load was calculated and determined as the
pullout strength.
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Histological analysis

On the cross-sectional surface passing the longitudinal axis
of pedicle screw, a hard tissue polishing sample was pre-
pared. After cutting the specimen and embedded with
methyl methacrylate resin, the observation surface was
polished with a micro-grinding machine (MG-4000,
EXAKT GmbH, Hamburg, Germany) for mirror polishing.
The slices with 3040 pm thickness were stained with
hematoxylin/eosin (HE) and toluidine blue (TB) stains.

Histological evaluation of BII was carried out gualita-
tively and quantitatively. Qualitative evaluation was done
on the TB stained sample in which woven bone was deeply
stained {16]. For the quantitative evaluation of osseointe-
gration around the pedicle screws, rectangular areas
(1.0 mm x 1.1 mm) covering a valley and the adjacent
threads were selected as a region of interest (ROI). Bone
volume/tissue volume (BV/TV) and bone surface/implant
surface (BS/IS) were measured in each ROI [16] (Fig. 1).
For measurement of BV/TV, image processing software,
Image J (NTH, MD, USA), was used, and for measurement
of BS/IS, image analysis software, Win ROOF (MITANI
Co, Fukui, Japan), was used.

Meagurement of bone mineral density

Five specimens with no screw placement in each animal
were selected randomly and fixed with 70% ethanol. The
bope. mineral density (BMD) was measured using the
peripheral quantitative computed tomography (pQCT)
(XCT, Stratec GmnbH, Pforzheim, Germany). The analyti-
cal region was an area of 4 x 6 mm in the central potion of
the vertebral body. The average bone density in this area
(mg/cm®) was determined.

Statistical analysis

For statistical analysis, ANOVA and the Tukey-Kramer
HSD test were used. The level of significance in cases with
“significant differences ameng the groups™ was defined as
p < 0.05. On the other hand, the level of significance in
cases with “no significant differences among the groups”
was defined as p > 0.20.

Results

Operation and complications

All except two animals were euthanized immediately after
surgery survived and returned to normal activities. No

postoperative motor deficits occurred. One amimal in 4M
Group that survived until 12 months encountered a deep

4\ Springer

surgical site infection and was excluded. Therefore, sub-
jects for biomechanical testing, histological analysis, and
BMD measurements constituted a total of nine animals:
two animals in OM Group, two in 2M Group, two in 4M
Group, and three in 6M Group.

Growth of experimental animals

A mean length of the trunk and bodyweight at 12 months
of age was 82.8 em (80.0-86.0) and 34.7 kg (32.8-37.0),
respectively. Length of the trunk increased an average of
25.5% and bodyweight increased 67.6% during the period
between 6 and 12 months of age.

Biomechanical testing

A total of 57 specimens were used for biomechanical
testing and details were listed in Table 1. There were no
significant differences in the transverse diameters of the
pedicles between T10 thru T12 and T13 thru T14; however,
compared to T10 thru T12, the transverse diameter of the
pedicles of T13 and T14 was significantly larger (Fig. 2).
The pullout strength increased significantly over time from
825.1 & 200.5 N in the OM Group to 2048.3 & 311.1 Nin
the 6M Group (Fig. 3). However, a mean pullout strength
at each level was similar without any significant differ-
ences (Fig. 4).

Histological analysis
Qualitative analysis

In OM Group, trabecular bone around the screw thread was
disrupted and fragmented, indicating micro-fractures
caused by screw insertion (Fig. 5a). In 2M Group, newly
developed lamellar bone partially combined with woven
bone was observed at the BII in micro-fracture site at the
time of screw insertion (Fig. 5b). In 4M Group, the
lamellar bone volume and the contact surface between the
screw and bone were increased. Woven bone was no longer
observed (Fig. 5c). In 6M Group, bone volume around the
screw was drastically increased and the remodeling process
was further advanced (Fig. 5d).

Quantitative analysis

Bone volume/tissue volume was 196 £ 85% in OM
Group, 29.6 £ 7.5% in 2M Group, 434 + 8.9% in 4M
Group, and 53.3 & 12.2% in 6M Group, which increased
over time. There were significant increases of BV/TV in all
except two combinations with marginal significance (OM—
2M, p = 0.082 and 4M-6M, p = 0.078) (Figs. 6, 7). In
addition, BS/IS increased significantly at 2 months and
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Fig. 1 Histological evaluation. a Region of interest (ROI)
(1.0 mm x 1.1 mm). b Tissue volume (TV): the area except screw
thread (verrical line). ¢ Bone volume (BV): the area of the bone

later after screw implantation: M Group, 6.6 + 4.5%; 2M
Group, 5.9 & 6.6%; 4M Group, 24.2 4+ 1.7%; and 6M
Group, 43.8 £ 13.8%, respectively. There were significant
increases of BS/IS in all except the combination of OM and
2ZM Groups (Figs. 6, 8).

Measurement of bone mineral density

The average BMD with respect to individual animals is
shown in Table 2. With all subjects combined, BMD

(horizontal ling). d Implant surface (IS): the total length of the
implant (band with vertical line). e Bone surface (BS): the length of
bone in contact with the implant (band with horizonral line)

among the subjects in this study was determined to be the
same (p = 0.350).

Discussion

According to this study, fragmentation of the trabecular
bone due to micro-fractures caused by screw insertion was
found immediately after surgery. The fragmented trabec-
ular bone was then gradually repaired by bone remodeling.

& Springer
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Table 1 Level and number of the specimens in the biomechanical
testing

Group level oM 2M M oM Total
T10 3 2 3 3 11
T11 0 .3 2 2 7
T12 1 2 4 3 10
T13 4 3 3 2 12
T4 4 4 4 5 17
Total 12 14 16 15 57
[ - ]
I 1,
(mm) 1
7
6
Transverse 57
diameters
of 4
the pedicle

T10 ™ T12 T13 T14
Level  (*p=<0.01, Tukey's HSD)

Fig. 2 Transverse diameters of the pedicles according to level. There
were no significant differences in the transverse diameters of the
pedicles between TIQ thru T12 and T13 thme T14. However,
compared to T10 thru T12, the diameter of the pedicles of T13 and
T14 was significantly larger

(N) 2500
2600 1
Pullout
strengh 15001
1000 7
500 7
Q

2M aM 6M
(*p=0.011, *~p=0.016, $p=0.003, 1p<0.001, Tukey's HSD)

Fig. 3 Comparison of the pullout strength between OM-, 2M-, 4M-,
and 6M Groups. Therc were significant differences berween all
combinations. The pullout strength increased over time after
implantation

A Springer

{N) 2500

20007

150071

ol

500

Pullout
strengh ;

T10 ™ Ti2 Ti3 T4

Level (p>0.02, Tukey's HSD)

Fig. 4 Comparison of the puliout strength with respect to levels. The
pullout swengths with respect to levels were equal without any
significant differences

Mechanical properties of the woven bone with irregularly
aligned collagen fibers were inferior to those of lamellar
bone [20, 21]. At 2 months postoperatively, when woven
bone was still present at the BII, bone volume around the
implant increased but the pullout strength of the screws
was not strong enough. In the later phases, the pullout
strength improved over time, because there was an increase
of bone volume with rich lamellar bone contents and
expansion of the contact surface between the implant and
the host bone. A typical feature of ossepintegration that
was observed with dental implants [15-18] was reproduced
in the immature vertebral bone in this study.

Since histological and biomechanical studies were per-
formed at the same age among the animals and all had the
same bone mineral density, differences found in the
mechanical stability at the BII would be directly dependent
on the bone morphology around the implants. The same
results were previcusly demonstrated in experimental study
using implants in long bones of adult animals. Wu et al.
[22] demonstrated that pullout strength of titanium screws
which were placed in the tibia increased over time in their
in vivo study using rats. Furthermore, Brinemark et al. (23]
reported that when titanium screws were inserted into the
tibia in rats, the bone volume in contact with the screw
increased over time from 0 to 16 weeks. According to an
in vivo study by Grizon et al. [24], when a titanium screw
was placed into the femur in sheep at 5-6 years of age, the
bone volume around the implants tended to increase over
time for 3-18 months postoperatively.

Since patients needing dental implant treatments are
typically elderly who have lost teeth, basic science and
clinical studies have been conducted predominantly in
adults and little has been reported for pediatrics before
adolescence. The rate of bodyweight gain of mini-pigs used
in this study from 6 to 12 months of age was 68%, and the
increase rate in body length was 26%. Humans from 12 to
17 years (middle-to-late adolescence) have a rate of
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Fig. 5 Qualitative analysis of bone—implant interface (TB staining).
a OM Group: the trabecular bone around the screw thread was
disrupted and fragmented, indicating micro-fractures caused by screw
insertion. b 2M Group: newly developed lamellar bone partially
combined with immature woven bone (arrows) was observed at the
BII, where fragmented trabecular bone had been cbserved around the

bodyweight gain of 41% in males and 21% in females, and
their sitting height increases by 12% in males and 4% in
females. In contrast, humans from 6 to 11 years (before
adolescence-to-early adolescence) experience bodyweight
gain of 77% in males and 89% in females, and sitting
height increases by 19% in males and 23% in females {25].
Based on the data above, the mini-pigs used in this study
can be considered approximately comparable to the pedi-
atric period before adolescence in humans, Thus, this stady
demonstrated that osseointegration occurs in the same way
during the pediatric period before adolescence, and con-
tributes to improved mechanical stability of implants.

It has been pointed out that in spinal deformity correc-
tion surgery for preadolescent children, huge correction
forces that are loaded onto anchers such as pedicle screws
mstalled in smalli, fragile vertebrae can result in anchor site
failure during surgery or early in the postoperative period
[2, 3, 5, 11, 13). Whereas, deformity correction with
insufficient correction forces to prevent such complications
leads to unsatisfactory clinical results {2, 3, 5, 11, 13]. Te
avoid these problems, a two-stage operation is proposed
based on the osseointegration theory, in which an implant
is installed in advance in the vertebrae at the first stage and

screw threads at the time of screw insertion. ¢ 4M Group: the amount
of newly developed lameliar bone increased and the contact surface
between the screw and the bone also increased. Woven bone was no
longer observed at this stage, d 6M Group: bone volume around the
screw was drastically increased and the remodeling process was more
advanced

deformity correction surgery is performed after sufficient
stability is obtained by osseointegration at a later stage.
The merits of such an approach would be that sufficient
correction forces can be applied and postoperative bracing
can also be avoided. According to Ranade et al., pedicle
screws are more suitable for anchors of growing red con-
structs than hooks which can frequently dislodge [1].
However, unlike a hook, a pedicle screw has the potential
risk of spinal cord injury due to its dislodgement. The risk
of spinal cord injury can be reduced when a two-stage
operation based on the osseointegration theory is carried
out for growing rod constructs using pedicle  screws.
Pedicle screws are generally used as anchors in hemiver-
tebra resection or vertebral column resection for pediatric
patients with congenital scoliosis. Hedequist et al. pointed
out that pedicle screws placed in the small and fragile
vertebrae in young children cannot tolerate considerable
forces applied during deformity correction [11]. In such
sitoations, a two-stage operation employing the osseointe-
gration theory has great advantages in prevention of peri-
operative anchor failure. There is some concern, but
controversy, over pedicle screws violate the neurocentral
synchondrosis which may result in developmental spinal
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Fig. 7 Comparison of BV/TV between OM-, 2M-, 4M-, and 6M
Groups. BV/TV increased over time. Although the differences barely
reached significant levels between the 0M Group and the 2M Group
{p = 0.082) and the 4M Group and the 6M Group (p = 0.078), a
trend of increased bone volume over time was observed and there
were significant jncreases in all other combinations

canal stenosis [1-3, 9]. Another issue of concern is that, in
pediatric patients, autofusion can occur at the surgical site,
where subperiosteal exposure is performed for screw
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Fig. 8 Comparison of BS/IS between OM-, 2M-, 4M-, and 6M’
Groups. BS/IS increased significantly at 2 months and thereafter after
screw implantation

pPlacement as a first-stage procedure of two-stage corrective
surgery. The autofusion may adversely affect the corrective
surgery itself. To prevent this, percutaneous screw place-
ment with or without navigation that avoids subperiosteal
exposure may be considered.
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Table 2 Average bone mineral
density (BMD) gwi th respect to g;z_\l.;p(mglcma) O0M-1 0M-2 2M-1 M2 4M-1 4M-2  6M-1 6M-2  6M-3
individual animals
0M-1 - 1.000 0350 0.696 0.808 0930 0587 0954 0999
348.3
0M-2 - 0.391 0696 0796 0924 0.630 0946  0.997
351.2
2M-1 - 0.997 1060 0940 0999 0516 0773
313.0
M-2 - 1.000 1.000 1.00D  0.999 0.978
324.5
4M-1 - 0.999 1000  0.999 0.983
321.1
4M-2 - 0.9%9  1.000 1.000
331.7
6M-1 - 0.997 0.959
3229
6M-2 - 1.000
3329
6M-3 -
3389

With all subjects combined, the p value was 0.350 or greater, so that the bone density among the subjects in
the present study was determined to be the same

Study limitations

In the present study, both osteogenesis around the implant
and mechanical stability of the implant continuously
increased while under observation for a period of
6 months, but we could not determine at which point a
plateau would be achieved. Verification of the platean
point would require a more extended screw retention per-
iod. In addition, considering differences in bone remodel-
ing and strength between species, we think that an
investigation based on clinical observation in humans is
necessary prior to recommending an appropriate time
interval between the anchor installation and the deformity
correction surgery.

Baseline conditions of animals at the time of surgery
were not standardized for the purpose of performing
biomechanical testing, histological analysis, and BMD
measurement at a same age. This limitation may influence
the biological course of ossecintegration in the animals
with growing age.

Conclusion

Improved stability at the BI[ caused by osscointegration
was confirmed by in vivoe immature porcine model
assumed comparable to pediatric humans undergoing rapid
growth. Placement of pedicle screws in advance in small

and fragile vertebrae can be effective In preventing implant
failure in corrective surgery for young children with spinal
deformities.
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ARTICLE INFO ABSTRACT

Article history: Background: Hybrid constructs have been widely used to surgically correct thoracic adolescent idiopathic
Received 6 September 2016 scoliosis (AIS). To enhance the correction obtained with hybrid constructs, we perform concave rib head
R:‘““'"d n “‘f;“d form resection and convex costovertebral release as posterior release procedures. The objective of the study
14 January 201 was to evaluate coronal and sagittal curve correction in patients with adolescent idiopathic scoliosis (AIS)
Accepted 24 January 2017

Available onfine 12 February 2017 treatefi with hybrid_ constructs combined with concave rib head resection and convex transverse process
resection as posterior release procedures,
Methods: The records of 24 patients with Lenke type 1 or 2 AIS treated with hybrid constructs combined
with posterior release procedures were retrospectively reviewed. The mean age at surgery was 14.3
years. The mean follow-up period was 33.0 months (range, 24-60 months). Radiographs were evaluated
before surgery, immediately posteperatively, and at latest follow-up,
Results: The average preoperative Cobb angle of the main thoracic (MT) curve was 58.1 « 12.6° {range, 45
—88°). The MT curve was corrected to 12.8 + 9.0° (range, 0—38°) immediately after surgery. At the latest
follow-up, the average Cobb angle was 13.6 £ 9.9° (range, 0—44°; correction, 77.5 = 14.0%). The average
loss of coronal correction was 0.8°. The average preoperative flexibility of the MT curve was 54.6 + 17.4%.
The average Cincinnati correction index was 1.53 + 0,48 at the latest follow-up. The average preoperative
thoracic kyphosis (TK) was 13.7 4 12.0° {range, —12—34°), Immediately after surgery, TK was corrected to
18.6 + 5.9° (range, 10—29°), At the latest follow-up, TK measured 18,1 % 6,57 (range, 6—32°),
Conclusions: Hybrid instrumentation combined with concave rib head resection and convex transverse
process resection as posterior release procedures achieved satisfactory coronal and sagittal curve
correction with little loss of correction at 2-year follow-up.

@ 2017 The Japanese Orthopaedic Association. Published by Elsevier B.V. All rights reserved.

1. Introduction screws (PS) as segmental instrumentation {2}. The mechanism of

correction using hybrid constructs is the sequential tightening of

Sublaminar wiring as segmental spinal instrumentation has mutisegmentally placed sublaminar wires fastened to a rod con-

been widely used in the surgical correction of spinal deformity toured to the ideal shape of the thoracic spine. Meanwhile,

sinice the development of the technique by Luque in the 1980s [1]. segmental PS constructs have been widely used in recent years in

Hybrid constructs for the treatment of scoliosis, such as ISOLA surgery for thoracic adolescent idiopathic scoliosis (AIS). There are

instrumentation, include sublaminar wires, hooks and pedicle several reports that segmental PS constructs provide better coronal
correction than hybrid constructs [3—6).

We use hybrid constructs as our preferred method for the

"+ Corresponding author. Department of Orthopaedic Surgery, Dokkyo Medicat  Cofrection of thoracic AlS at our institution. To enhance the

University, 880 Kitakobayashi, Mibu-machi, Shimotsuga-gun, Tochigi, 321-0283, correction obtained with hybrid constructs, we routinely perform

Japan. Fax: +81 282 86 5422. . . concave rib head resection (CRR) and convex costovertebral release
. E-mail address: tane@dokkyomed.acjp (H. Taneichi). ) for radical posterior release. The CRR includes releasing the radiate
Address for reprints: Department of Orthopaedic Surgery, Osaka City General i ton th ical . fth id hich ts
Hospital, 2-13-22 Miyakojimahondoori, Miyakejima-ku, Osaka-city, 534-0021, igameint on the apica portion of the concave si e, which connec
Japan. the rib head to both the upper and lower thoracic vertebrae, The

http:}Jdx.dol.org/10.1015]] jos.2017.01.013
0949-2658@ 2017 The Japanese Orthopaedic Association. Published by Elsevier B.V. All rights reserved.
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purpose of this study was to evaluate coronal and sagittal curve
correction in patients with AlS treated with hybrid constructs in
conjunction with CRR as a posterior release procedure.

2. Materials and methods
2.1, Patients

We retrospectively reviewed the records of 24 patients (20 fe-
males, four males) with Lenke type 1 or 2 AIS who underwent
posterior selective thoracic fusion at our institution between 2008
and 2011. A minimum 2-year follow-up was required for inclusion
in the study. The mean patient age at surgery was 14.3 years (range,
12—17 years). Patients were radiographically evaluated before
surgery, immediately after surgery and at the latest follow-up.

2.2. Surgical procedures

All patients underwent surgery with hybrid constructs com-
bined with CRR. The CRR was performed as a posterior release
procedure on three to five ribs around the apical vertebra on the
concave side, After exposure of the proximal portion of the ribs to

be released, the transverse process was resected and the rib.

removed approximately 3 cm lateral to the tip of the transverse
process. The ventral side of the proximal rib was exposed sub-
periosteally. The radiate ligament, which connects the rib head to
both the upper and lower thoracic vertebrae, was loosened to
allow full manipulation of the costovertebral joint. The resected rib
heads and transverse processes were then used as bone grafts.
Additionally, the transverse processes were resected from the
vertebrae around the apex of the convex side, except for the
transverse process of the apical vertebra, on which the transverse
hook was placed. A Cobb elevator was inserted into the costo-
vertebral joint and pushed laterally to release the radiate ligament
on the convex side.

As for hybrid constructs, conventional transverse process and
pedicle hook-claw constructs were used as proximal anchors and
apex anchors on the convex side, Pedicle screws were used as distal
anchors, Ultra-high molecular weight polyethylene (UHMWPE)
cables were used as a sublaminar anchoring device, Sublaminar
cables were multisegmentally placed on the concave side of the
main thoracic curve,

The correction maneuver was a combination of cantilever,
translational force through sublaminar cables and in-situ contour-
ing technique. We typically used a titanium alloy rod 6.0 mm in
diameter.

The fusion area was selected based on whole-spine erect
posteroanterior (PA), supine side-bending and traction radio-
graphs. For patients with Lenke 2 curves, the proximal thoracic
curves were included in the fusion area. For those with Lenke 1
curves, the proximal thoracic curves were not included in the
fusion area. For patients with lumbar modifier A pattern, the lower
instrurmnented vertebra was selected as the stable vertebra ac-
cording to traction radiographs, which was one or two levels
proximal to the stable vertebra according to erect PA radiographs.
For patients with lumbar modifier B or C pattern, the lower
instrumented vertebra was selected as the stable vertebra ac-
cording to erect PA radiographs.

2.3, Radiographic evaluation

Preoperative radiographic evaluation included whole-spine
erect, erect lateral, and supine side-bending radiographs. Cobb an-
gles of the proximal thoracic, main thoracic (MT} and thor-
acolumbar/lumbar curves were measured from erect PA radiographs

*as coronal parameters. Flexibility of the curves was evaluated on the

side-bending radiographs. TK, defined as T5-T12 kyphosis, was
measured on erect lateral radiographs. Postoperative radiographic
evaluation included erect PA and lateral radiographs, The proximal
thoracic, MT, and thoracolumbar/lumbar curves and TK were also
measured on the postoperative radiographs.

As described by Vora et al. [7], the following ratios were
determined:

Preoperative flexibility (%) = [(Preoperative erect Cobb
angle — Supine bending Cobb angle)/Preoperative erect Cobb
angle] * 100.

Postoperative correction (%) = [(Preoperative erect Cobb
angle — Postoperative erect Cobb angle)/Preoperative erect Cobb
angle] * 100,

Cincinnati Correction Index = Postoperative correction %/
Preoperative flexibility %

2.4. Statistical analysis

A paired t-test was used to assess differences between the
magnitude of the curves at preoperative examination and at latest
follow-up. Statistical significance was defined as P < 0,05,

This study has been approved by the ethics committee of our
institution (approval number 28082).

3. Results

The mean follow-up period was 33.0 months (range, 24—60
months). The average preoperative Cobb angle of the MT curve was
58.1° (range, 45—88°). The MT curve was corrected to 12.8° (range,
0—38*) immediately after surgery. At the latest follow-up, the mean
Cobb angle was 13.6° (range, 0—44°) and the average final correc-
tion percentage was 77.5% (range, 44—100%) (Fig. 1). The average
loss of coronal correction was 0.8° (range, —2—6°). Changes in

. coronal parameters are shown in Table 1. The mean preoperative

flexibility of the MT curve was 54.6% (range, 24—91%). The mean
Cincinnati Correction Index was 1.53 (range, 1.03—3.16) at the latest
follow-up.

The average preoperative TK was 13.7° (range, —12—34°).
Immediately after surgery, TK had increased to 18.6° (range,
10—29°). At the latest follow-up, T measured 18.1° (range, 6—32°)
(Fig. 2).

The average operative time was 3241 min (range, 228—
414 min). The average intraoperative bloed loss was 739.9 mL
(range, 207—1687 mL). One patient had pleural injury related to
CRR and underwent pleural repair with the use of a polyglycolic
acid sheet and fibrin glue; chest tube placement was not required.
Three patients had slight pleural effusion on the concave side but
none required chest tube placement. There were no other intra-
operative or perioperative complications, including neurological
complications, implant breakage or laminar fractures.

4. Discussion

The development of Cotrel-Dubousset multisegmental instru-
mentation enabled not only coronal correction but also sagittal
plane correction of spinal deformity [8}. The instrumentation
solved the problem of “iatrogenic flatback” seen with the use of
Harrington instrumentation. The hybrid construct is a segmental
instrumentation technigue using sublaminar wires, pedicle screws
and hooks. Multisegmentally placed sublaminar wires generate
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Fig. 1. Preoperative and 3-year follow up postero-anterior radiograph of a 14 years old gir] with AlS, Lenke type 2A-. T6-L2 main thoracic curve was corrected from 70 to 7° (50%
correction). Six sublaminar URMWPE cables were used from Th6 toTh11 laminae. CRR was undergone from left §th to 10th ribs, and right transverse process resection with costo-

vertebral joint release was undergone Th8 and 9 vertebrae,

Table 1
Surmnmary of the pre- and postoperative radiographic parameters.

Preoperative Immediately postop, Latest follow-up P-value (Preop, vs Latest ffu)

Main thoracic curve (°) 5811126 128 9.0 126+ 99 «<0.0001

Preoperative flexibility (%) 546174 nfa nfa nfa

Postoperative correction (%) nja 789 £ 12.7 775 £ 140 nfa

Cincinnati carrection index nfa 1.57 + 0.50 153+ 048 nfa

Proximal thoracic curve (°) 31697 169 £ 8.1 164 £9.6 <0.0001
Thoracolumbarflumbar curve (°} 31592 88471 79191 <0.0001

Thoracic kyphaosis (°) 13.7 120 186459 181 =65 0.02

posterior and medial transtational force on the spine, ensuring both
coronal and sagittal correction of the spinal deformity.

[ this study we used hybrid constructs for the surgical correc-
tion of scoliosis with modifications for better correction of corenal
and sagittal deformity. First, we used 5-mm-wide UHMWFPE cables
as sublaminar anchorage devices. This reduces the risk of laminar
fracture during deformity correction because the width of the

=274~

UHMWPE cables is larger than that of stainless steel wires. The
increased width enables greater translational force to be applied to
the lamina [9). Second, we performed CRR and convex costoverte-
bral joint release to enhance the flexibility of the deformity. El Masry
et al. reported that concave rib osteotomy was a safe and reliable
alternative to anterior release in posterior surgery of severe and
rigid curves in patients with AlS [ 10]. Our method includes not only
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Fig. 2. Preoperative and 3-year follow up lateral radiograph of a same patient with Fig. 1. Thoracic kyphosis was improved from -5 to +16° after surgery.

concave rib osteotorny but also rib head resection with costoverte-
bral joint manipulation. This combination results in costotransverse
ligament resection and costovertebral ligament (radiate ligament)
release. Yao et al. reported that costotransverse ligament and cost~
overtebral joint release resulted in decreased force required for axial
rotation and lateral bending in a cadaveric biomechanical study [11].
Their results suggest that release of those ligaments in posterior
scoliosis surgery would contribute to better curve correction. An
additional benefit was that the resected rib heads were used as bone
graft, which helped to avoid bone graft procurement from the ilium.
In this study, there was no patient in whom iliac bone harvesting
was necessary, However, CRR is associated with some risk of pul-
monary complications, such as pleural injury, which sometimes

requires chest tube placement for hemothorax, However, in our
experience, chest tube placement is not necessary if pleural injuries
are repaired with a polyglycolic acid sheet and fibrin glue.

Since Suk’s report [12] of thoracic pedicle screws as segmental
anchors for deformity correction, many surgeons have become
interested in segmental PS constructs. Some authors have reported
that pedicle screws, which are theoretically the strongest anchors
for correction, provide a better correction rate and less loss of curve
correction than other methods [3—6]. Although several reports
have described the advantages of hybrid constructs in maintaining
thoracic kyphosis compared with segmental PS constructs
[4,6,213], the use of hybrid constructs for scoliosis surgery is
currently viewed as outdated.
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In this study, average MT curve correction was 77.5% with hybrid
constructs with CRR as a posterior release procedure. The sagittal
thoracic alignment was corrected from 13.7° preoperatively to 18.6°
postoperatively, and maintained at 18.1° at latest follow-up. MT
curve correction is reported to be 54.0—63.0% with the use of con-
ventional hybrid constructs [2,3,6,9,13] and 63—79.6% with the use of
segmental PS constructs [3.4,612—17). Our results suggest that
hybrid constructs combined with posterior release procedures are
not only better than conventional hybrid constructs but comparable
to segmental PS constructs in coronal curve correction. Thus, hybrid
constructs remain a useful option for the surgical correction of
scoliosis when combined with posterior release procedures. We
emphasize that hybrid constructs aveid the potential risks of thoracic
pedicle screws, including neurological and vascular complications.

In conclusion, hybrid constructs combined with posterior
release procedures including CRR and convex costoveriebral
release achieved satisfactory coronal and sagittal curve correction
with little loss of correction at minimum 2-year follow-up. The
coronal curve correction obtained with hybrid constructs with
posterior release procedures was better than that obtained with
conventional hybrid constructs alone.
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B L ABICEOEORENRE L ZE L TR
BB OB Th B, BRRTIIL ) s
N EHMERBHTE (Gross National Income ;

-279-

2014

B 2 LHEONSERGEE L M
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middle, High income) &2, #hEhEh: 5{E
HAEHRbN TS, EREETHBEETEORE
FERSIE TS T, 18~32E L 65 UL T, EE
DE— 7 T RBBREOEMIEFES-LTWEY, H
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K, High income ®7 YV 7a#E, +—A+F351) 7)
TIIBRAEET, Tho0EY TI65EE
DE=IHBRE RN oTBY, WEMRED Low
energy DEEITRET L OV EHHOTH S (BER
5% vs R - F—A V57 47%, HI—11y
7¥51%) o JLIRT 1935 £ 5 2008 ST
2R — MR TIE (n=45,442), 1970 ERUCH
~, ZHRHTEHERHIIS8REAL, 60mI L
4.6%% 5 13.2% I HIN L7z ZSBHEHAT & &
%%ﬁ@lﬁﬁﬁ,%ﬁ%ﬁ%ﬁﬁﬁﬁ-ﬁ%ﬁ
%<, @E0ZERA 22T 5, BiUiE
BEIA12.3% 5 272% 1 x, FEKED
43.9% % b 52.7% 1M U ATIRR I E B
1.5% 26 4.6%ITH X TWh, £HETRIL, 5K
BABE, LoEi, EErEvEY, EFRE
WERTEEOR &V H o7 (T0~74 5% FEEIE
H26%, &HFIEH 8.4%, AIS A 10.8%, cervical
AIS A 17.0%).

WHO ISPCI (International Perspectives on
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iR, ] Spine Res 1  42—52, 2010

6) EHBRE I, HRICB AEHEEHIBED

KiK. BEKETES2 : 17—23, 2004
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11) AREHT : B a AN Bl 28 £ERE %
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12) Lee BB et al : Demographic profile of spinal
cord injury. ISCoS Textbook on Comprehen-
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Wolters Kluwer, 36—51, 2015
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116, 2014

14) De Vivo MJ et al : Trends in new injuries,
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injury. Arch Phys Med Rehabil 92 : 332—338,
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15) ISCoS : International Spinal Cord’ Injury Data
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b LTS SERE O WO WAIRRICHE ) SHERECH Y, BOTAF—, A/ —F-F. &
M, DTEREAR-YMCERTNONHEIED,
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3D 212 ETH D, VI v — 2BV THOT - VRADREHF, KHGEETH YA
WHBHZ L ICEESBHETD D,

BRI TH B 105 17 PIXIEHER M A7 + BIEC X D 42 U7z compressive flexion
A TOBETHY, WHOAREHERFEOTVE. SERESS TS o L SERET
Bo EAO2FNIEMANIC L DERNTRAZEL Tz, FHLVAMICHIRDELT
IFERRERTH - 12, TOEPEFITEALPOEPERES £ LTV,
AFx—, A —E—R(EH)

b vy — @AM H B DWW RERRR R, 2AEBRE YAV T I-2ED
BRECEEINT VS, AF =2, X/ —F— FA3HThHor, BB 24
SR OIEEIC R 5 BRI X Y R EHENRE R £ LTV i Er03MRESET
Fyrs, TN=RAT LA VAR—COIT HERRENED FHICIVEHBLTE Y, RisE
R AL EOBEEE L T,

FHE (4R :
L0HASPOBITHICHEATEEL TV, BFSRTEHELAEMNS 25, HITHFE
FEFE S ELTHOD ) LERTARAL S5, IR E LES, SBIED. Bl
RIT A Z LTk D BHLT VI ZORDRELBRIT, LUATHRHBECh o1z
05T —, FAUHLT Y hR—IL(5H)

Wik 3 R ARV THEY, FHRBEPPRE-TVE L) Tha. 77 VDA,
L g0 201 b A 7 T 520 RUERES AL T o 45 L SRR i % B & Rl 5 biFa %
B A LTWH, —F, TAYUD YTy ME= L TR2AES 7 v 2 VORMICAELTS Y 180

LRV LARECEI L RO T LE IS ENEELEELON ¥y I MEDOAY F
Py POBRERN DS SO TEHEND, HELETIRTT 7 ¥ — TSl L7 L FiHea M
RIRECH Y, B ICE W TS REREAPEL TR MRS ), EEIUET
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L BRI Th o e T T OLMIZVTNS 7L — R OEE I TIEE IR
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SEACEEM L 7l R ¥ & — 1 AR B E & 2o 7 B BN Ch 5o W
Tl BRI R S0 SRR BT B S 5

R - BieEREE

V@ 3 burner FEIERE, stinger e (stingers) & LB b D TH B, BMA K-V T
BREZTLE, BEiEAMEIC L VAMEESEESAL Y, MRV ENEEIGRMES
AMbsZEIL AT, FRREE EOErDs point ICEEAD M 5 2 £ 40 X b Basl
EHRERET A —MOMESBME, LHM, LOh, BHRETESE SERIGIE—EN2O
T, 74—V FHTRABBORT I o I5GUPIIERIHEETHISEO T T HERICHES
FTE0P, ERFTHY TS L) Thhid, EROBEZIBCTH I8, X7
A4 FEHLICESE (non-steroidal anti-inflammatory drugs ; NSAIDs) W ) # P4 rolvilEs
75 ERBHC, ~V=7, FREERE, BiELOWMEREETI.

SEiEE |

Cervical cord neurapraxia(CCN) & & kg, EHO—BYEMETH L, FHEFERLE
T 5 burner fESEREE BB Y, WK WTHE ARULTE »s-BMUEERERETS, &
WA MRIC L Y FHEA—BRICEEESRET S, MEEO7 R 7 RERE S ok
b5, REIIRS~HE CTIEIBWEET Y, SENWEATEN ST HREEL B2 4> 3
HeFHE L DR FIAD T { i), EHBORGERL AL ICHMFIZICRIRETH B, &
BERENBDE o 12 B LVWIRETD, BRETCHRLICHEOEESALNS, 74 FF
N7 ATHT—2EET 5 LR, HEEPHBD LUK, MAHHRITIIFNSAIDs Y Y
A%, FEA A N ERHEREE AT . I EHREIAESLIRTRGEORE R LT
e, MESEIROTEREERA 5 -2 RETE. FHEREZAHELTVWAEE. FHcE
HEFAr (M FIRERE, MBREG L E) 247) #E» ISR S 505, 8 & FHERBICFER
WIS & #F 2T,

IR EERIEE @)
BEACPFEBMBEBTH Y, BHEILS v, AR VIMELUN D FDHTT OIS
RGO 2P TREDFEOH WEMBENITH Y, EERHEOAR— Y BINFHT 2
A, AR VIS IEE R MR OB L Tv b, BBz b OEERS (E
R CRERE) 2ETH), SEMEL R L0558, FFREMEL VL LD TR
KRB EOME, BEPHBOC A F—REFRLEZEHLTVWAIENSENWY, 2hwi
LHERICERART T L EOBRBMREEENRDONB I L bdhsH, IBHED T 4
FFENT 4T AT —ERTHRRTEREFEONE, £, BUPEEGLE & CEIRERE
WEL T BEAD DR v, BEMOBSIIIERIDL S5, SENCENEROE 1
A BRGEho EPNTHT 2 BRERODRRBVELERERTHY, St vy — TR
BREMEATHT Y 7 —EED AT L, BLIME BHYACY -3y 2RELTV S,
SEMBROEM R 74 FFVI74ATHI—HET, REMEHTLBSLBLOLRVEED
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SIS BT W B, BREICS L, CIABMCORBRENRELED, AT
AR I RN TH S,

FRMERD T IR @ 2)

BG O I TIIE S FIEAE Ve WRNEMOEH L NEEHIFBR E L. BEICHWE
BLEAM 7R L ARBE O SRR EICL VFREOMER Z /29 A7 3%
Bo TDtong N1 Y EHVERRTOREIICL 2%M2 I TRADMELL V.
e o |2 B L BLILAY 1S 5 M SE W & AT LT v B %, BR1 O MRI WS THERIR O 5 H 03
WS S A B LY, BUIUEHRIERZ #5206 AT L fkic i 2 2L, —mic
NHREEEM SR LTV 5, BHEEMI lateral mass screw 228 wiring + & OY
VR4 wF T 57 NERATLTWD, WHBEENLER 1HEN O BRI X 2 BE B e It
;ﬁL'CwZ._»o WX T A FFNT AT HI—2HBAERT %,

— B EHRERGE

O, B, JIL7BTHRALRE HS5—
DHORIEFREICTASIA Impairmeant
Beale(AIS)CHS DY,

a: BEEEOMR T23RER. KHENED
T BBICTOBESHEERDD. B
» RT2BESELE2TVD.

b BERILEOMBI TRRBR, C3/40
BRI A T2 SESEARE,

TR AT T AT PGS W8 S 0 e e e e

"- C4FAHA
# BT, BERAHICHENTLS EUTHACERLRE. 50, —HMEngsEEieEsT.
BEZAIS C, BEEFAIS D,

CASIEHAERDB.

C4/BETER RN Y+ o& HSERRERDINVERERD D,

MRIHC TIERIROBRL 2885 5.
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FEEEEESHEFEE (compressive flexionB(8) (m3)

FMe R Rl LR ECHES» SMESP 2 D ET L, By &y —TR17HF 1452
KPIRAMIE B b DO TH otz WNFTH 485 RBFICIE, HAEORET LS EII2 &L
TWhe FHINLEDN T IR & B HWHREOBEIZ L 5, Allen 5 I3 compressive
flexion % TR IZ L H SEBHISE L TWD (&2, Stagel, 2THIUETASFNT 4
TAT7—BETLV, Stage3, 4 TTHNITHEENOBRE 25D, EFHZL H A T—XR T
D& BRTERED I TH S, WEEMZ TV — b E200E L=iiH > S Offkw, BEgi
WMELTH dy #HF LD lateral mass screw 2 AW TR AR 2 MifT 4 5, BMOM Y Stages
Ll BHMARERERORGL LRSI L%,

EZER Compressive flexioniB{Z(Stages)
345 B, BUE%k. EOERCRTAFSRE. AlS A,

a, b:CBHSOBRAREE BHEEIA CRERN ©) €B9HD.
¢ COMFDRI B FORBOEETA.

¢ CEEICDHESIREERDB.

e | MRI T2 &iBR,

f . —RINE TR EE E T,

Compressive flexioniRiED Allen 948

Compressive flexion stage
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(Frankel D) & % BT84, SHWHNCFEERE (Frankel A) THNZ4%, BOITTERE,
AR (Frankel B) "CZF)%LI;E-:"?'MO"’ WM 2 A HATARE (Frankel C) Thh
TH80% TH o720 HFITLEDADLARIZEA L TIHERICKETIHD D EDDTREL,
WEETCHIUTYANEY) F— 3 a YPRVFKE {HIFHTE S,
—~7, FHREZHBLTCVWERWEICE LT, BOSRAOHRFTEIEMEIENLETL
EFISIELTRD 5N BY, WEL—EOQHEHZL { & F & F &return to play criteria®
BENTWSE, iz, —IFCOCNZEBLARBRIINT AV ICEERIE V. AKX—Y
THES CONBRE O EHIIBHBBEERZ L Twiz WO SiEReh 5—F7, ka5 R
MELRS L AR— YV BRIOEEOCONEBRF ITWEPo R wIRELHE Y, Thbb,
DCON#—ETHRIFTE, AM—VEREBECCNERITY A 7 GBIV, kit
CABHBEAREITY RS B IR EE R BB CONA—ET b HILTHN ML Y R
MHB L SVPNED, —RINCERIWCET SIS L9 BEAEWTTHio Ty iuidgiH:
SIS WS L RS ARBEa YUY ANSB LI TH B, TO—KT, HEEAO
CN, MRI‘E:oEiRAUEZ L, FEONRE, 35mmAlLodA0) e &phdhiud, Bk
P RETREVETIRENS V. Tz, FHEROBEEDNR TS, burneriEGRE 2 #Y
ELTy LA HBREFRINERL Tw 5 EPE, HEER Orelative
. contraindication & Wy LTV 5 46,
FHEME2 S GE, PTHEHO DERBEZICE L TR, a5 o RRIICHEL:
NSRS S v wb il TB Y, B ili"lii”@’fﬁ‘%'*’ b—RFEFL D E L n
ekl ve —, 3HEML LoEZE, Cl2/E%E, ?ﬁs%@]ﬁ%ﬁfﬁzg& ETCRBENERTRET
- (&7 v (absolute contraindication) & 81T 549,

 JEEN CON FEBERCH I 2HBEEROTORY
C R EBTNSOREET N TH BISHEERICREIEL,
U DSTNOREDRIENEAE, ARV OBERPEAIOEUTRNT 3.
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HEROTAIFITRRTH BT ARETH B, RKIKTAVI YTy PRV G TR &
DEFERAFR=IIZBWT, Fy 7N, HEWET v Z7OBEOAy F¥ 7 OEHREICONWT
THGREPLETH L, Fl:, FETECEISHEBETIREE, FHESERAIELT
RATR I ERE 2 Bl 5 2 E OBERIEC DV T HIEEILETH S,
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2)

3

4}

5)
&)
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Maeda T, Ueta T, Morl E, et al, Soft tissue damage and segmental Instability in adult patients with cetvical spinal
cord injury without major bong injury. Spine 2012; 37: E1560-6.

Kawano O, Ueta T, Shiba K, et al. Outcome of decompression surgety for cervical spinal cord injury witout bone
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548-53.
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{Suppl): §256-72. :

Vaccaro AR, Klein GR; Ciccotl M, et al, Retirn o play criterla for the athlete with cervical spine injuries resulting
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Cantu RV, Cantu RC. Current thinking: return to play and transient quadriplegia. Curr Sports Med Rep 2005; 41:
27-32.
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BRI

s FEOBWEFE LT, BHERRET (effer
son H17), WEREW, Hr o< BH
HRE 2SR EMEI) P HHhs.

il RTIEE

s SMBA =X A% H LITHFEIL 72 Allen—Fergu-
son HEI T, BIFE% 8 DIcHHLTwaY,
% b BHEDE VB distractive-flexion injury
(MABE, B2) ThY. K compressive-
flexion injury (RiHFI7E, B 3) OB
V1, subaxal cervical spine injury classification
(SLIC) Tk, OBIBE OHMKEHIA
% ORECLA3HBTABMLT A LT
h, FHBEEOMHSEREBEL TS,

i FABEHE

» Denis 748" T2 FHE 0 WEH BEAL % anterior,
middle, posterior {Z3 ¥ L, BN ZQE
EEH, QHBREH. @Y — b MEAEFH
@REEEHCHT (E1), middle column @
BEEMZHRALTYS, £, RRiEtkr ik

194 IR REER

FEEIET IR 5 0 MRI
T2 BEE &R

BAO T2 BESEL,SHENS, B

RCHBRE OB (M), Hekiin

O T2 BIESE (KE) SROSNS,

-




[EE SIS R SR ST

a

MR AHE
a: C4 FAMRE (distractive-flexion injury).
h: &I UVICEESERE,

c : lateral mass screw X 3B E.

 RHEBITEMES compressive-fiexion injury.
b: BB,

& 72V minor injury & LT, HiEi2EI, M
iR T, SMIETEE WZRRET R BT
w23, thoracolumbar spine injury classification
(TLIO)® T, BHc B 5 SLICREHAL OF
WG, ORFINERORE, OREILLS
SBEETHBAAL, PBHEG Digs & L7z

TLIC GRS I 2 Wi, W
PO EREERL TV S, Fok, Hif
% AO 58 (Magerl #48) % RIRCHIB{EL
78 AO SRR E N (R

@ SRERFORSY b
" B2

o HER T OE MBI E & bz, HE #

£ FEHIS, MEEL EEOARBICLERET
B,

o« BEAMEOIMIC LD, SEHRENIBHETES
NS E, b EEBEIIEREG TS
USRS 4 Bl h B o L%, i
WRRIREAEES LS.

o FEEEME BRI KE [HRIREE] BB,

i EffIRE

o ARG OB SME B E T, B3 TE
QETH, MW, WD, AW CTIRLZA
)=V THREFD LS.

» X 0 T {§ °C @ retropharyngeal space D AKX
i3, ERAEETRAROBREGERES. HER
f6at22at6] (C2 LXAVT6é6mm, C6 LN
T2mm) Thb.

2.4 &8 | 18.ZHHRE
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Denis 248

AL
I 1
LY o R
(=Trlo) O
Ll LIRS (R
Pressio compression none none or distraction
hurst iy compression compression none
seat:BaltiyE none or compressior | distraction distraction
fr compression, rotation, shear | distraction, rotation, shear | distraction, rotation, shea
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SOt AZN— I 2ESRIGEALT, &R -
TICHEARSHC RS WS LR L TB L. /S
LAy 7 A% gL THBE, BRTIWER
BRI LRBERSVEFPERTS GBHS~9 ¢




6 68 %Ki
a : BEf CTM, b, c :PPS+XCORE cage.

g FRED),

6) MEOFLEHREEASL oy FOZ %
R RRRDIT ORI A, BEHEE LICH M
W4T, Mo wEM:E % 2 il crosslink &7
A ALV, BEOMWEFPE TIEIEO M
B PGl crosslink I L OB TREFETELS
22 DEH BT,

DEDFH 2425~ 2REMUPIIHT T4 &
2T A, 3N E M A T short fusion TIKE
B2 BT EmREEVWTHA .

ki an -ty ba 2 L. CPC OW LR % %

P

BUCEY v U7 v 7tk 24 W< BT
% H7 R ki
) LRIz & A K L Cw A,
o a : EIENE. b i PVCR #iifacdy.
PPS LitAER
o 9 short fusion OWEAHL# | WARTH  XCORE cage &MV CHIH LRI E o Tho

h, FOSBLEHRRIBTIREILLZ2IDOTH- 5. HipdEEHIVEEE Iy P E2EH
728 RS, BIRTIIRAGL B AL T OMEFBREATK LTwd (3 6).

& RIEPIE MBI BOFIERED RE (. HEK

i BRRERBWIELEAHE. TORD, TOL) PVCR

B BERTE, BCHBREETHNEMTEED oo s mmsommrsan s s somsssom,

" FEXHT L., bitbhild, #Hd 5 percuta- fitte &{irg’ﬂﬂi‘ﬁm 'ﬁ" {é‘g"frﬂf’ WfES ?‘H([Fﬁ/\
neous pedicle screw (PPS) 12T 1above 1l below 7Y AOWHmAETRE Lo T BHEMIE, LITL
H B 2 above 2 below THEZE L2, Holls WEEEIM rigid Thb. 2O L) el

FHED vor 30 vo.d 201744 F 505

_n;;éx - 3 0 4..



L TiE, @fRENRET CH N posterior ver-
tebral column resection (PVCR) OilE & 4%
HEMRERRE P I il & HEATH B L TwaH T
LHFBIOTEETS. HEOHCBERZTRO
FPichitE, VCRHED 3 above 3 below TR
L. W@ aney FEEEDLREFLTY
5 (& 7).

Shbhic

T T T L G S s gy

z{ﬂi’ﬁﬂ‘ MR BRI T B AT L
Lu“%&%wfﬁ&w.ﬁﬁﬁ%%ﬁ%%wh
Db LBRHALOD, RIS v AHEE
k9 %> ADL BEEL DA, SBERYRIE L2 0B,
HhEBBBILERSL, MAT, BEOELHR
HER O ZA— Y R Li“l"i"%’: 7241, long fusion
ORI B A SR B L TR 285, 4
BHOERPLEHRE, FEELE2ZL NS,
B8 L sustainability ®NF ¥ A ¥ 1 /-FH %
LA, FOEERTIR, HHMBERMGZIEL
777 short fusion {kA % ) RE VBESHEEE % b
DOTREL I EELS

X (RF B I

1) thREER, AR B AR BHEEERE T
(23T 5 RSN - ENERIROREEIZ VT, B
5 48:5-11, 2013

2} Hayashi T, Maeda T, Ueta T, et al : Comparison of the
amounts of canal éncroachment between semisiiting
and supine position of computed tomography-myelog-
raphy for vertebral fractures of the elderly involving
the posterior vertebral wall. Spine (Phila Pz 1976)
37 1 E1203-1208, 2012

3) Kim DY. Lee SH, Jang IS, et al: Intravertebral
vacuum phenomenon in ostedporotic compression
fracture, Report of 67 cases with quantitative evalua-
tion of intraveriebral instability. J Neiwrosuirg 100(1
Supple Spine) @ 24-31, 2004

4} Xim HJ., Yi JM, Cho HG, et al : Comparative study of
the treatment oitcomes of osteoporotic compression
fractures without neurologic injury usiig a rigid
brace, a soft brace, and no brace. A prospective
randomized controlled non-inferiority trial. J Bone
Joint Surg Am 96 1959~1966, 2014

5) BRIE—. {EdfE—, MWEIEH, b IR
EHR LB OB RIFE TR T U s
SF VYA LASEORHSRENR L FESEY
AF. ¥ 55 59.:909-919, 2016

6) Brm CEHEBER RS MRS T S HT
short fusion. ¥EFE#EF 64 : 870-875. 2013

7 TR, HFEFA, WER—. 0 PRtk

FiFCH 5 1???#%1%0?&3%?1?;&—%%?&%17"11311 i) &
BB AI Ty PREOHLEL Y. ARSE
85 : 934-941, 2011

8) Tsujio T, Nakamura H, Terai H, et al : Characteristic
radiographic or magnetic resonance images of fresh
osteoporotic vertebral fractures predicting potential
risk for nonunion © a prospective multicenter study.
Shineg (Phila Pa 1976} 36 : 1229-1235, 2011

9) Wu CT. Lee SC, Lee ST. et al: Classification of
symptomatic osteoporotic compression fractures of
the thoracic and lumbar spine. 7 Clin Newrosci 13 :
31-38, 2006
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HIE R MRS SRS OEAN

I. FHEHHERE
= - BHEIRE D2’

R BEOET OWE ST OWE /Y EREEY ¥ B

EUNTIE Wit - B, BEANEO—-OTH B, TOBETRE, FBOBMEIX
DRECBL TS, i, BF, S LATMICT 2 IFRRIEEO T RENA & RETE Y
o TVA. AMTHE, 2T, BEBROLLO) ERRESR, 2 BHEFNCHT 5 WEHE,
(B BRI TFHFI) o0 TEA, BT, BB 2k - FRIAG OB RORNEEMT
B, 8BS, FEYANL—Y s VEARUAL, BEAOWEORGET, BEOFRE
DNTOFRFERHLI. & 51W, SRITLRE THS ) HHIMS RO MBSO

FHALO—BINI 2 IUE, FEWTH L.

FHE - HRIIBHE (spinal cord injury),

1 (diagnosis)

&I

WHE - FEERMG I, () PEMESETH 5 F 0N
5, (2) ZOfFHie R L, K% i a3
B E S 2ooM@mEFHoNETHD, BHIcHE
BN Z I COETALBOMEYET S
RO EERIMEO—DTHE. T, T - FH
g R o Bty o HinEme
HBHEHEMENTWS, —FT, okEREFEH
i - FRBRGOBIFTH TS L & HIREOFE
MERICHTE, ATHENLERETH L KM,
B, NS X B EMERE AR OREIZERICH
Wb OTHY, BRIFT—FHE )" e
111979 4, EHBERTFOREMMmEEL LTk

*! Hiroaki SAKAL T 820-0053 %35 H7 #ig: 41
550-4 A Eflb 2 —BEAE. BE

* Ttaru YUGE, F, &

¥ Osamu KAWANO, [, %E&

*' Takeshi MAEDA, [, #E

*> Takayoshi. UETA. 7, RiftR

*8 Keiichiro SHIBA, [, K&
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LIk, # 2,600 IO FMIBIGRFOBRBFITHEDL Y,
e LME R - CELY. EE, BEEMIoH
THPBETELE (A A4 LRk, EEERk
ENC X R mEo W b R s,
MO BEEEAE L T 5,

AT, SCHHBETHE - FRIBEC 7 3 —
AR HT, PIMEMEGEHE - FRHREEM D& F
WO k] (LRI B 2 FHIREE R
BB L A RFME 7 — ¥ N— X R 2. K
ETOFHEFMI BT 5 G 0HEM R 3 fE
SME AT 5T PSR, [BRIconT L %
¥ ¥ —IIBSFHE - FHEGR EoRLB X
F 2. International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI)
& LT® American Spinal Injury Association
(ASIA) Impairment Scale (AIS) YO # 2 F7 #i<53
T &T, FREMIC Y BB U5 iR Ee
1) 12DV TR LA (BHERSHE, /34 v — 7 —
o EXOMOMBIEBRICH LCid, e R
FATRBY, BEHE T—FHHEE )™,

x



= 1. {EHAf 0EEMAE

SMEIETH - FREREZRYEEROEL

1. BRRICHIIFHBEESEAEHERD &
VR BT — 2 N A RIFER

41X, 2006 £ & v ¥ —HNICRIT R HHE
FHEHNEREREL, SRR TOYEERE
WICHT 2 ESWETMBLAYY, K1, £
FE S AR (1990~1992 48), MWL M AR B
(2005 4¢, 2013 4¢). #EVMAEHQ012E) 2
WL zb0TH 2, ADomm{tERR
flevy, FrHRE MBS RS OFERFEERD A
T AEENC D o 72 (S EFAEEIYER 48.6 % ¢
2013 FE4R MR TR TEHER 63.1 8). ¥ME
BRBREPOBHEEL R VENMELE (WbW
AHIEEEEMIBE O0BEIL56.7% T, TOE
RMBELEBIE TORAREE —2 & Li—igfk
¥ v%ikL, FrankelC(41.0%), D(51.3%)®
AERHBEAREZ HHTW, E5ITHEEgg
HRBIBGEE T O B EU EOEAER, 18.5%
(2005 %) » & 30.6% (2013 )~ E L RE W
THML T

afb B 1. Ankylosing spinal disorders %5
B
78 8, B SSMEEHEEY. OPLL ISHL
THES e i
MBI BIRT i, i Abed b
a : C6/7 #ER L~ T
b : T7/8 HEMIR L~ Co-Fif

Prde B SR R OB RE L5 2B
B, YEARLUAETEUSEGRE RS ORI
BiFo7, BRICE% SN E R
BRAEOEHERIX 68 BT, FOHELGEMIE,
C3/4 HEMM L <V =63,8%, C4/5 HERE L~
=21.3%, C5/6 ML~ =12.8%, C6/7#E
ML~V =2.1%Thot. ThHNZE LD,
P S BEERIRGEE DS b, MEE D C3/4
HEWIAR L N~ C OB BEEMRGOWE 1 EZ D
ZnWI EHFTHERL

FNT, HBBRICBT 2 70 BU LOFHIMEF
TP OV T 2T 2. 70 8L LOFHE
SHERHTIE RIS, 38 1 (1981~1990 4E) A & 224
71 (2006~2015 4E) ~ L BN LTz 2 04E%
ELT, ENEBEEIR, WEEL L CoBHE
fE &2 P HEAFIR R L USRESETHEL(AS), T
F AR S B MM (DISH),  Bafi B 1biE
(OPLL} % & @ ankylosing spinal disorders % f£k
I FEBITOEFADEMLTWA(E ). T
NS DSBS IHERE L, FOEHED
R E D E L
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2. KETOREEHICHBIIAEHEEERS

2007 4B, REICB U B AREBEF—F X—
R E ORI 3R O IHES
A3 AR ROPAR RS & L.
O L B L, BEHRTEEML, AER
AF10.5%, ABPIETHE0.4M4%ESIKRLE
Wl TH o1 S5, BHEFHICBITARD
HEENEWES-EIHER, FHESFSIHETH -
(BB 0.67%). T, FRICLSHTHRET
i, 20~34 BOBEHOAPREIRER2.21%, A
BT E 0.03% o7 L, 75 BB LOBRERD
AOFESESE 12,1%, ARPBTHE1.33% Tho
7 (GPHESE R OMIET v Ik 1 4.1, ABBR
THORES » X 18.6),

3. PESMEIETR T MR

2011 4, BRMOEMREIZEc X 5, FHRER
FNIBV S EMH VIEORTHRICHT AT HT
MIFIEDFERAME ST, CoBREIZLS
E, B 1 £oFFIEHEROTPHETRIE T,
TUHRER, ZH% 15 RO L3 B9 mo-
tor score, light touch sensory, S1{H%® motor
score, light touch sensory @ 520 CHo7z. EHf
I A EETE, 65 B EOFEHAG BB
BY B ETREOIEESNE, AR TOBRBH LT
BL, SAENEECE ok LL, ot
RIZBWT, Z4E 72 HEMACHERERN D
AT Hh N BEIE 19% B &Y, SRR
DFHFIE L CTIREFRIZIE o Tk,

— 77, 4 b WBEENE 2T Az,
2005 5. Yt v 7 —ITBWTHMREF— & N—
A%IEH BT BeDF— 7N 2AETORER
T, FHE 72 BEIICB 2T BTN, #580%
OFERCTEETH - 2220 FHHZ M BICBITS
FHT MO 0% & W55 &, EnEmIc
Hhofz, ThbOZ i, FHEREMOMIEER
FHEOEES #RL TV EZL6NA,

BEBRICDNT

BTk L, MOKBE R k- FHHA
BOBKFHESREEWEOFIEI T
X, UTHNARETHE, BIIHNOBEID
Fz o Tk, Japan Advanced Trauma Evaluation
and Care (JATEC) OH:385 % SMBE MR # A A
K74 Vigifo T S &8 T Lw® (FEa,
BRI LDENTVAETA FIL Y28
BIAE 72), H4 VT4 VTl first survey &
LT, A SUESME - fEdt & RS B MERET
i, C: EBFTMOME 217, SBREIRE
L7=tkts, D: Ak FI s L 8T
WV,

—FC, BRI i E o
L IREOLEL(A SIS, Sl
DRI, B WERER  MEUOHIREL. C 1R
M A a v & {neurogenic shock © %
NV TEIISES, BRETIRETH A,

PRI, BEDER GORANE, RIZSREAER),
PR (RS, R b 0B, K
HF ORI = = — 0 IS & O LA O
AIZFEEL, MEENZEOH = a—0 &
Big - IERE D B ASEFFA S L UMUICEET 5 (F
2-a). —7%, HMEARRIE, FhESER (ETED
ELT, BRENOHMNLMTER, S,
SMB AR BETIA RS R O - IE), WIEREBIER K
GHMOMRBRER), EEHEH(TTE &L
T, FMUR R (R o M), #r
B AR RIF (V2 R0 22 WU BGE AL O ) 2%
A (B 2-b). ThdzERT AWM Al»G
JESE, Rkt JEGE (UBOBTHAF LT B (I
FIROFEED R S Sl 2 BT 5).

1. [ 2—cBir5FH - THRESRO

ik g8

UBROBEOREHIL, B, HHm YY)
AT 9 TDF—ATEEETIZETHB. Th
2k, BEODHKONZEENTRLE0 L2
BIRERF—ATHREL, BEONRNEZI—W
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LT8R TITE&
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SRR RS
HIE IR R R
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51 4UkE

SRR EFHRERE

Livt

N
b

B2

a ¢ EEAER (ASIA e-learning 44 b & HEE)

b @ KSR (ASIA e-learning ¥4 b & H 30K

FTHREINIA AT IFTHILPFTES.

WERWHRL E Blchi, () FH0BEE
fir, (2) FHDMETE TORGILH (GE2REr A
SREE ) A, BEMERD L URERERTH
FROMBRICED LS LEBEEREITHEEZE

MB Orthop

Lazihigasdhv, T, BOBETHHEN
Bk ELLNAEMBHEMNE LT ZETO
56 - FHBBZROMAZBATH(E 3 &S
FeCEl LTWAHEF Y — P TH3).

ME O & AMET LIEMREE S B4, 85
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R T
mm%ﬂ*g&g’ﬁm@ 3

o
i

A3 2&fltyy—THVYTVAHEENF¥—T

BT AT O R R ORI & 5 RIZE i
EORETH A2 SFICE VT L. HRl
B ORE, SEIEEY G, KEEsw
Foift, e ET, O KT, mE K
FThEOMBEEY g v 2% BT 52 EMLIEL
WHETS (H 2-2). REXSWITEL TS
72¥, WOWT|EEE T b S REMERYE
HRL, BERRKCZEIE b0, Y
BYa.

S REN S E, R Lo & 2 TR
12, FPEHEMT R R N IPRIRETH S, CY
P o@mBRE T, BENEE(C3-5 ofiicTE
fE£45),, B, BiEREESh s EIHRO
B4, C5 U ToFEBRIECTD, B BHs
BEsns, WEkoIk <, SRR CRAIZOE
ABRERTREXSROTIHENDH O, WRIOR
EREWHT I L THROMBISRIEL LY, MK

Nieigsido Lot 2k, LB, IHIRE
DEFAO 2, M AREICMA, HEELA
¥ hA—g—zfv, HAMEREMEL TS
(B 4-a). BNWIFE 500 ml D TFOERMIE, 4
%, IRURAREEHIEAL, 2 BINEIE AR 4 (Pa02s60
Torr, PaC02245 Torr) % 2L, KEYWHET)
AT ¢ 2B, & 512, AIS=A DIEFTIE
SEDWEILUBECLETEELD). 20
T i3, FEHOFHALERENICBNT, B
PHOTIO—FRRBRTEKELERELS
(WiH 7 70— F % F v =B FAa s, IERRE
DAL L 2R CAE TR 21T - 28 A, ST
Fiomdy, SHEEEA BB ATREEL D A).
WP DFEAT BT, BadiiE, Mk, o
RENBERTY. DEMBRREREATH
Th, BERPECESNER E2ETHERDIFE
A, FOLX) RENTE, FABENOMSHER

=
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Bt

= 4.
a MG ROFLE : MiSHL A
OA-y— AifidHLidaoi-
& — B OERE)
TEEOHRO) X7 HF

SEYIMED. 9% MV  KWYIMRI4% KEVIMES

L2 ARE 8 S 500ml

HEIMEea%

alb

77 E, B S0em OEE L HEES

~ULTOFRIEY. e CERIREEL

4 : MR angiography = THE

5. MR IR Bl

5. DORCBRELER, C4/5 HEMIR L

BB B R

b : MRI diffusion Hi{§ = < LB o/ NgaTgES D

FEESEICES, WERRERITH Gk, W
MRI, B3EYE MRA % EBMNT 4 Z L% F 5).
LT, W, SRoSEE, BE-EN-K
N—*ﬂ]:?’iﬁl HOMET, AHWEZ2EN~RBUDIEIC

FoTwh(WTFhoBERIZLTHRHLTT
B¥%ELPHhnE), LALERELEES

2= =

(FAA
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EThDH. BKHE WﬁkbwTH%M#bﬁﬂﬂﬁ
B2 ERIPLBEREEOLAVEILELR
Fw). F/z, spinal shock(Bil) DFEE ZFHIZ
B&, BEEToTVE,
IR, AR (8E% fEAD, light touch) B &
UL ORI % 48, pin prick dull diserimina-

89



SHETPSFERERDIRSR

REZEFRER -
RO

AIFHEIIRE DN '.

A 6.

a * Anal wink. Spinal shock Z#EBE L 7=
P Tt i

b+ BR i #4454t (bulbocavernous re-
flex : BCR). Spinal shock % BEBi L 7=
%, R LHICBNG FHHEY

tion : JNEHE D i & #liim O KF 450 < H) DB
g2, SHRE, WRE &R, MEEEEOWE

L) DFEL % EICTTo TR Y, LHEERE, R
ML <5, MBS, L8 ORE,
fovesn, Peslzleess, =M/, LT, PR
fhifh, LR, FHMS, B0, BEL,

TSR, ASEERAG, F W), T (BIE.
BB EiIER;, MeBYsistiERE, ARG, TR
TR, BORSN5, BB, B - e R,

BRI & MMTO~5 0 6 BRESCHIL T
A, EOHE, LB THREL, MR,
L= RRE S, MRS, 7V AR
EREL, WHEHOAREFMLTYS. 1L
RM ORI, TR TRERI ORIk
"a‘i‘l«:ﬁ%'&a’b % (36 m 8 : sacral sparing; HaR).
R, WPIAEROMSE, HEEFET 5. Wi

DFFNIRC, anal wink (B 6-a) O 8 % fERR$
B, BAT, BEORBLBEEOILMICIEAL,
P~ AL, anal tone, JLP$EHH5 OBEFEIL
# (voluntary anal contracture : VAC), deep anal
pressure : DAP(#k), IRiES{ERST (bulboca-
vernous reflex : BCR ¢ [ 6-b), #HERFITILP D
b DHERE TN 5.

1) #HE&FEES 3 v 7 (neurogenic shock)

LRty Y B OFMBECL Y v s,
FOARTEN | HARER IR (B DUENTIC
P59 RIIEMBREMORE) I L - TH &R
SR RMNENR L A MBESHREN Y a v
7 {distributive shock) 2 RJI &b, FDIER
i, BoEZSrdboTRkEEL, WEBSEHE
DEFRITEN L, EHRLTHE, SMEITHED
Yav s/ ThAEOT, TOEHEET, Mk
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Yavy (BIUE, Bk EECREOWK) 2EE
THIENRETSHS.

2) #H#E a v 7 (spinal shock)

Spinal shock ICB$ 2 HREL ERIZ S TES
F, WEB &k RN ERIIR IR ORMAD
. —HEEC, BV v 2 IENSELE ST
ok B, EEEMUT OTToFR (E
B SE, FAERS R E)WEELAREEEL
BRNTVA, Rz, BHEIIMGERRS, REnE
2EL. WELLFEHRSE, HReicmEL, &
PRI BITT 5, Bty ¥y — TIRSH 72 KR
BB T, BCR:649%, anal wink: 27%, PTR:
10% DE&THD7z. K41, spinal shock %8
H B COIHBTLEREIEBCROZ &
HEL, CORSHHBROIFEFREVIT Y, B0
REFRBVWHRICHLEEZZTWA, —F,
plantar response X LHDICHBT AN TH 5
EOWELEETS. wihogicek, FiH
LT % 828 #2 v spinal shock ) O RESE M EEMI 1
ERICHETCHLILBHEMLAED AT, THE
THRETHD., .

3) {UBE[ER (sacral sparing)

RoZE L, Moo b7, AE~0TF
BIXFHMORNNZETLTEY, BLIEEES
Fizd{, i BWCEHETLAHNTHLZE
HHbLh TS, ~RESREDL I THZT
b, MEHBERENBRTLTOSHEE, S2%
FTERLPLEMETHY, BEOREEFHFT
% %. Hoppenfeld B ofEs LT, BHER
MG, ICPHERG RS, IMEROREREE
BYTwad. Lal, REESREMEERES
RTLOTERL, BAUShERETHAH). &
oo &Y, ISNCSCLicBWTH, ITMEN
B, DAP, VAC 7 E2MEREC & g, (ko
PRI >THWAE(RFERE) EEXLONTN S,

4) Deep anal pressure(DAP)

BEFRBELPNALEL (NI EREE
(54/5 AR O BHMBOFERE TR EL T
H)eMT I ETRULIERNFDAP & —o

FHERNICIR U B ER QT4 1% ik, - HHLME
Db AHERIIEERSLRT.

IRHORMEED &I, %kyy—CH, H
DBBEIZ 2V TR Frankel 53(3 2-a) & AIS
(T 2-b) 2 AWT, FREDBHIZOWT Zancolli
SR BE N U ERE W LRI (K 2-0) 12
TFi T2 T5b. R Frankel 448 & AIS
it & 12 Frankel 5% b & CRB X ¢ 55
T#H . A Frankel 7813, Frankel 28D B,
C, D #2441 L, A-C2iZmoiREz, DI~
D3 EAATIRIEER R L, BED ADL A A—¥ 1L
Ry, —FT, REREOZ 2 T{IZo0LT,
ISNCSCI D & 3 B Vv— VisEAESS, Ra70
LR ETH 5.

2. ISNCSCI &L TD AISOEZH

ISNCSCI 4, motor score (EJii3 C5-T1 @ 5
T, T L2-S1 o 5 fiEicovt, Wil key
muscle %k, MMTO~5 SCHML, &5 EH
#HH), sensory score{C2-S5 M 28 FMIZ D
T, Ti4¥ sensory point & #:¥), light touch, pin
prick O FNENE 0~2 S CRHMIEL, &FHH%%
HH)RFML. RARKEORA27{LET). &
512, VAC, DAP % EiZ2o W TEli %475 (ASIA
7 e-Learning ¥4 b : htips///Ims3.learnshare.
com/home.aspx IZEEHIASEER I T 3), &5
MOFM 2T -2, BTOMET, MEORAME
i, BREOWHBEITMCOFMI%ZIT).

1) ZEHD sensory level DRTE

40 light touch, pin prick £t Fhlz>w
T, WS EFE R MO 2> CREMEN
RE5 % FTR.

2) EA® motor level DIRE

KA key muscle ZRENICDONWT, MMT3
PEomhdsy, 2o key muscle O L key
muscle 7 MMT5 Thitid, MMT3 ® key mus-
cle # R E UCER. HHSIFEEL S
WIR T, BB % MaEcR RS .

3) Neurological level of injury (NLD'ODIRE

AF w71, 2 THRESNLTEE R,

MB Orthep Vol.30 No.l0 2017 91
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b Internahondl Standards Ior Neurologlcai 013551f cation of Spinal Cord Injury (ISN: CSCI)/ ASIA
impairment.Scale (AIS)
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W3 bREIAMOL RV E NLL & LTHE
5,

1) ZRFEIFLEFEEHERTE

Sacral sparing D HFIEIZ X Y Pig. VAC {2
W3, S4-5 LA FRTH sensory score=0,
DAP 3 #ED WA OH, Rk L g3
B. TNLUNOBER, TR LT 5.

5) AIS prade ORE )

AT 27 4 CREMMA LB & hid, AlS=
A LFRliL, ZPP : zone of partial preservation %
T 5.

ZPP I motor store, sensory score DT ILE
THRAEL T AR RMEIN Z RN T 5.

AT v 74 CRERBMEAWL, »o, EHE
SRR E HIB S Y, AIS=B LT 5.

A eE L X, VAC 28 %vh, b L
AT v 72 THIE L7 motor level £ ¥ 35
B R % 2 2= 4 {8 BLF T motor score % i1
LOIGE.

ATy 7 4 CTHAEREEHEL, 2o, KB
SRR L Hkr s, AIS=C 4 D 2% 5
3.

NLI & D TOHFIZB W, key muscle D
B EAMMT2Z U TOBNZETHEEL
AIS=C &3+ 5. %/, key muscle DEELL
LHAMMT 3 U LDHAEHET A4k AlS=
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PI-LL=10°, PT<20° lZ 9 RTCOEBBICYTIEZEZIDOMN.
Higd~Z PI-LL £ & T Pelvic Tilt &

, INRTCOERmBICHTIEIEZEZOMN?
: iits 2 ERBEERID S DiRET

WRE ERT W AT

Are The Optimum PIl-LL And PT Values Constant Irrespective
of Age Groups?

Satoshi INAMI Hiroshi TANEICHI

AR R AT 3
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g

Key words : BRAFEZE (adult spinal deformity), &IRETF 74 # > b (sagittal alignment), i (age)

HMABEEEMERSEE I3AZRRICLT, EFMPRRENIA—FIANRETEEZREL L. TERENIR
YPIER & E R (65 BRT) & SRR (65 ML) Ko T T B &, PI-LL {pelvic incidence-lumbar lordo-
sis) (BER : 107, BEESEE 119 & PT(pelvic tilt) GEER : 25°, SEE : 28°) 0EICEEAENRY, TK
(thoracic kyphosis) (B4EEf | 28°, EEF | 38°) (AEMBEHFERIEKEN 2. RATREROFMAEEE
CEEEERTHD, FMTEELLAETCRWABZBITILLRS. £-T, FiFchir2EEBIEE
(&, FHEEBHUBRENGELEMBRL LESBEENEEZD.

ARy FEFNITHT B EEREHECBREL
TEEDQOLICRELHELEA S, 0K
BRIEIETHD, WEXRKFHLZALFET
58.9)'

Scoliosis Research Society (SRS)-Schwab 43
Iz BT 5 sagittal modifier ¢i%, PI-LL<I1(",
pelvic tilt (PT) <20° % BIEME & L T 3 510,

ELOIZ

B ABFEZEF (adult spinal deformity : ASD)
BT 2% OWRICLD, BERRE N7 X —
F DBERFEPHBED BEEBRINT W BN,
FAM I BT 2 EHERTZ (lumbar lordosis @ LL) 3

BOfEEE LT, pelvic incidence(PI) iz v
F L7 LL OBEBEENL (RHE 0, FEOTH
ABREINTW BN, —% BEICBWTIL,

EEIZ T Z DHEED SANTH QOL @ Xk WiEH]
BT S, £, BEZORIRE A A%
BT AMAETE, ERBEICIY AT A -y OIENH

G e R R R S R e S

PILILOI ARy F2ET2EMALECHFEE EXIELRZILPFESIN, SRR s3EPI-
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xR1 FRHEINORRE/NTA—Y O
ST T AR BEE. . PH
TK : thoracic kyphosis{(® ) 28 38 . 0.045
LL : lumbar lordosis(® ) 40 44 0.452
PT : peivic tilt(C ) 25 28 (.363
PI-LL : pelvic incidence-lumbar lordosis(® ) 10 11 0.761
DLL-LL : Dokkyo formula LL(C ) 3 0 0.289

Wilcoxon 18%E

L7 LL & Pl OBSRAZ AV THEL, 3
51z ASD i BE 2 HRIC LT, ERBRRE
R A= RIS T BRTET 5.

P XRETE

NRIFYFETCEMTMEEZT -7, ASD OFff
FEFI 73 BICH B, MEHRESLEBEESGY v
FOEBERE T HEN, X BREEHEO IR
PEMHBREREEEREIRIC L 2 b DRBRA L. R
PI4EED 64.8+8, 1 T, B 176, L 56 6T
» o 72, SRS-Schwab o83 L: 33 ¢l, D:
761, N:336CH-7x.

MR 2ERODTO/NT A —FZFHHILEN L
7. ETiI7E B i3 B9 H#: 4% Z (thoracic kyphosis :
TK), LL, PT, Pl, PI-LL, b RWE L7
LL B1F BEEEH AP : Dokkyo formula (LL=
0.6PI+1) 6 &EH L7 LL(DLL), DLL-LL,
sagittal vertical axis (SVA), & & UF Oswestry
Digability Index (ODI) ¢&% 3, &A¥ Y — X D&
DM 2BITT 5 L, PHRME: 65 B (RAM : 80
I, BAME I 44R)CTHoT, FEREIICEAT
A—F QB EIT) DIz, PRED5HREE
BELSHmUAL2ERE, OMAMEEERL
LTHENRT XA —F D% T 7= (Wilcoxon &
%, P<0.05), '

biE R

1. iR 2 EBOENTA—4{E

TK:33.1° LL:38.8, PT:27, PI:50.2°
PI-LL: 11.4°, DLL: 41.2°, DLL-LL: 2.4°
SVA :42.8mm, ODI:15.6% (mAfE66.7, &

430

AME 0, 75%Dhis 25) TH ok,

2. ERENOXRKENT XA =28 1)
FMBORBRIFFAEBITNRET DI,
ODI R T5% o fimTH 5 25 LT OES 2 ahH
L, STOICREiTo%,
B L EEHOLB TEREEZZRO LT
A—%i3 TK D& T, PI-LL % PT iXFEHHBHIT
BERELRERRD o7,

PE

1. PI-LL [cDVT

ASD Fffic 8\ ClYI% LL 2B 5o
X, BABEOBRRTETHEPIIceyF L
BENBETHY, SRS-Schwab itk T
X PI-LL<10° SSRIE X T w30, “hiddic
fiaio ASD B2 R LT, BEHINIE
HEtha, —h, bhtbilid ASDBEZ DR
BRIFH %2 NRIC LT, LL=0.6PI+11 DG
KPR EZOZLPRELTELY, D220
REFHL (AR L, AR LEERBHZ LM
HH» 3 (H 1),

PI 3 50° DFA&TH, LL OfEIRERE b i
40° LEBT 2, L LIBERIR, bhibhioR
TIRBAEL T3 PI-LL —F 0TIt {, PI
DAREEIENVEMTRZ L THB, D% Pl
DUNBREDBEAE, LL IE PLIEVWEASHRER
b PI-LL<10° 86 ZH L 2 3, —, PIASKE
ZH& Schwab 5 Xk h d/NERLL &% b,
PILLL>10° BFHFINB L TH 2. PILL %
BEDOEEZEL LTHw 284, PI»K50° DIF
BT PI-LL<10° T X was, #hblstogeik
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Lumbar Lordosis
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Pelvic Incidence
Bl BiELd2ERAMEDLE
Schwab @ =& (E# : LL=PI—10) & Dokkyo formula (2 : LL=0.6 PI+11)
&, PIASS0°AECR LL=49 40" ¢—H 9 5. Dokkyo formula T, Pl _73\'!]\
TLMBAI Schwab ORE D B AER LL MBRECH D (PI-LL Zh&E W), PIAt

%CD

REWEEIE Schwab DR L D H DWW LLAFFEENS (Pl-LLERE W),

BIEEEEZMR T B2REEEZEZI TS, DLL X
Pl oAbk L% LLOEETH h, bhbh
BBTEDHEEZEL3BIK PILLO AR 67
DLL 3¢ TEZ T3,

2. EBMBICEBRINTA—HDER

PI-LL {3 EfREE © 11°, HEH 10°T, FME
WKEBERZL, WTNOFEILBVWITLBBLHL
PI-LL=10°"C¢& - 7. ¥7 DLL-LL 2 E#3
0°, HERE: 3 CERBILIZERE DR,
7. fEEIC X 59, DLL Ik QOL BiF iR
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Pelvic Incidence 1= v F U 7= 08Y) & JBHERTZ 13
HEARIBIRIC X DIEZI N B

Intrinsic Regulator of Physiological Lumbar Lordosis Is a Shape of the Vertebral Body

HMigEEsE WMR B HFE T MTARAXE LHBASF
A #%# XIBEAN BBAKE BE # BE F
Takuya limura, Satoshi Inami, Hiroshi Moeridaira, Daisaku Takeuchi, Haruki Ueda, You Shiba,
Makoto Ooe, Hutoshi Asano, Yutaka Nohara, Hireshi Taneichi

o

® &'

ARFFETIE PLLL 3 A< v FORWEREBRNEKET 74 A ¥ M, HERIK, HERH
WHEROVWFRD, T, BAPOERSNEPE2HL2ICTS. HEREEEPHEET
OB WEEELNNF OSFELAE X BEz Ay, BEiEEcs, s iEde, $EX
KE, BT A—F 2RELAEER PlIovy F LR ERETEEARRICLD
REEND ZENEL PR o7

Abstract

Introduction : We hypothesized that physiological lumbar lordosis (LL) matched with pelvic
incidence (PI) is inherently regulated by a shape of the vertebral body and the intervertebral disc.
The aim of this study was to clarify intrinsic regulator of PI-LL matching.

Methods : Total of 111 young individuals who underwent whole spine standing lateral X-ray with
clavicle position were enrolled. Exclusion criteria were © Lenke 3-6 type curve AIS | spondylolis-
thesis ; transitional vertebrae ; and disc degeneration. There were 20 male and 91 female patients
with a mean age of 15 years (range : 10-25 years). Relationships between PI and vertebral body
angle (BA * L1-5) and those between disc angle (DA @ T12/L1-L5/81) was analyzed by using a
simple regression model. Post hoc power analysis confirmed the statistical significance when Power
was (.8 or more,

Results : A mean BA in each level was-1.5°in L], 0.3°inL2, 2.2°in L3, 44°inL4,and 9.1°in L5.
An average DA in each disc was 2.0°in T12/L1, 3.6°in L1/2, 6.1°in 1L.2/3, 8.0°in 1.3/4, 9.4°in
14/5, and 8.9°in L5/81. There were statistically significant relationship between PI and BAs :
BALIL (p=0.0095, Power 0.84), BAL2(p<0.0001, Power 1.0}, BAL3{p<0.0001, Power 1.0),
BAL4 (p<0.0001, Power 0.99), and BALS (p=0.0301, Power 0.71). Whereas, there were no
statistically significant relationship between PI and DAs.

Congclusion : Intrinsic regulator of physiological lumbar lordosis matched with PI was a shape of
the vertebral body.

Key words 1 Bi AFFAEEET (adult spinal deformity), Z3RE 7 5 4 4 | (sagittal alignment), JEHERT
% (lumbar tordosis)

BREM KFREZNESEH R E(T321-0203 AR THEE L 40Tk 4£880) Department of Orthopaedic Sur-
gery, Dokkyo Medical University

(=48 : 20164E10831H, #AH : 20174 3 A23H)
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BRLic
HEHYERIRET 7 4 A > b2 pelvic incidence

EDicw v F LABRIE QL) FLEL Sh, &

DOBERERBENPABITEN 7O =S NIT VX
RHERHTARELERAVY. —F, LLOBRIX
sacral slope (SS) DB X WL TV THRESI AL T
EHRENTWEY, LL RE L AN OEHEHE
ALEMRAORINTH 5. [BHEHEAS, HERMIK
AIZHTATERS L D0DY, Zhb EERE,
B85 A — ¥ OEMEERE L-HRIIFLEAY
),
AHEEOEME, PIICT vy F LAEBERLL A
FOL3IERINTwED, Thbh, #ER
®, HHRER, di3nE, FORFIZIVEE
ENEPEHERATLILETHS.

MR EFE

FHAIBBEHAZREEGREZEROK
TORBREF 1 27089) D b LEM S hiz. 20064
4 A5 520164 3 BICHERREERHREETTO%
WIELEE T clavicle position® | & 2 & F X hr I
HXBErEohFe g E L MR
M BHEICESI—T%FT5 Lenke 3~ 6 BIEFHF

W R EAEE, BHESRE, B o 2MIRE
e, BATHEBIIGRA ULz, B208, ol TFy
ERF1SHE (10~25/%) Thofo. FRHEW /T A —
& & LTS & UIEHEEIZ Cobb f1, EIKME/S
F A —% & LT sagittal vertical axis (SVA), M9t
Z(TK), LL, PI, pelvictilt(PT), SS, 4k (BA:
L 1~5), #p4%A (DA © T12/L1~15/81) (+ :
MARA)#FHILA(RK1). BA, DA®LLK
HH5EE (%)X BA/LL, DA/LL & L7:. BA,
DA, BA/LL, DA/LL ¥ PI DAEMZEF L. ¥
SMRERFEOD 5 t e, BAERSITETo
oo TRUBHOBBAST 2 TV HEIENEE
ZiXp{ETE < Power(1l —-f)>008%FEL L
7>, HEMREICIXZ IMP 1002& G'Power 3.1% H
[RYAS

B R

FING A~ OF¥EERT(FR1). PILL 3
ATy FiRhholdt TRIZDAENEmMIH-
7:. BA, DA(E 243, b), BA/LL, DA/LL OF
%R (H 34, b). BA IR LI HBEsH
£, FRLSMITHIC 2 BB A EITTARAD
K& ol DARTRTRIFRATH 72
TI2/L1 55 L3/4F CRHEICKRE L kol
L3/4L D THIZ 8~ 9°TiFIZ—%ERE o7, PL E
LL BEWIEDFEE %R L, LL=0.39PI+35.74%R
2h7-(H4). PI& BADABEEZRT (ES5).
Li2o IATEEREMERL, PIFKEL 25
WONEFHARBIEERBIIRE (2o —
7, DAWETTPI L2 RS 2dodz. PLE
BA/LL X L1» 5 3 TEOMEB=R LA (H6).

#1 FEEENSA—4

HHERZ Cobb £ 34+24°
JEHERIZS (L1~S1) Cobb & 15£12°
SVA } —-2* 2cm
TK 16x£10°
LL 54+ 10°
PI 47 12°
PI-LL -7.1°

ekt PLLL 3 A2 v FidZ {, TKi3/h S wiFEmDE

E1 &R (BA) &HRMERA (DA) OFHE Hoi:
1456 Journal of Spine Research Vol.8 No.9 2017
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miEfkA (BA)

(all combinations p<<0.001, Paired t-test)

2a
BAW TRz A I LrERICHABANKE (2o,

(12
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OMN ko

T12/1 L1/2 L2/3 L3/4 L4/5 L5/8
m HifERA (DA)

(*N. S., all other combinations p<0.001, Paired t-test)

E2b
DA 1T T12/L170 5 L3/4F CREBICKE (o /=9F
L3/4L W FThild—E CThoi.

() 80
70
80 -

LL

50 -
40 -

30 : LL=0.39PI+35.7
1 r=0.44*

20 T T T T
30 40 50 60 70 80
Pl )

(*1-8>0.08)

4 Pl&LLOIEHA
Pl & LL B WEDHAEERL A,

PI VK& { &2 5 & EATREMEOMEART A A LL
L EDLEENHTMIZIKE o7 P1 E
DA/LL 3 EEL2MBAERS 2dodz.

(%) 20 17
15
10 8.1
5 4
0 0.1
-5 =29
L1 L2 L3 L4 L5
mBA/LL
(all combinations p<:0.001, Paired t-test)
E3a

BA/LIL BT ZAEYEEICWABANAE 2o
A

*
* *
0, ——y
(%) ?g 18 17
16 15
12 11
! g 6.3
&l 35
5
Ti2/L1 L1/2 L2/3 L3/4 L4/5 L5/8
N DA/LL
(*N. 8., all other combinations p<0.001, Paired t-test)

E3b
DA/LL ¥ T12/L1%5 6 L34 F TREEIKE & o
HMLI/AL W T —ETH -7

£

Roussouly 5 D5 L 3 IZEEREATIXPI
2 LL, SS, PT & ENEMBARICH B Y. Mac-
Thiong HiZ X A5 L EHEFEBE T PI: 401
11.0°, LL:480%11.7°, SS:41.4%82°, PT:77
+80° L ENFA-FDFHEIRALRL S
b, PI &N 2 —F OB LL(p<107"), SS
(p<107®), PT(p<IO™) & ARICEHVEL
209 PLLL 3 ATy FORWEAY T —XTh
Pl & LLBBNEOHBERLAE RVY-XT
ELbNEBEEEDOPILL 7+ —3 29 (LL=
0.39P1+35.7) 1T ARG 47 & 172 Legaye & (LL=
0.6PT+35.4) %KM & (LL=045P1+31.8) " ® %
DEEPLTWE., ZOZ oSBT ER
EABITIE, BT Z PILO—RFBRTERT
Pl DBREII0SE B TH B LERENS,
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)
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p 3 AR
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E5 PI&BA®DHES
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T T T T 3
60 70 80
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PLE BAR LIS LATEERAMZRL, PIFKEL 5 Il 2R MEEITHEANERIZAE L

Lol

7z, [ERREOREBRES 1 v 0RELZRLE
BT +— 225 (LL=059P1+11.1)"" T3, PI
DRBBRZETHo 7. I NLOF— ¥ IZFRE
BESHOPIOFEEE 1 & LT3 Schwab &
N7 F—3 a5 I3EBENTRVTEEZRIEL
Tv:5, BA & PLIIEWAEEZR L7245, DA IR

1458

M RERPol. ZOZ LML, PIKCHEAL
72 LLZHEBEARER T2 , FICHEATRRICX
VHRESINDZERHLPE Lo SBI,
BA/LL & Pl OFAMIE B EHE (L1~1L3) DA TH
LN ERBIREWEETH S, Thbbh, PI
FREHICRE, THE#OADRFRATIZR
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Pl & BA/LL 2 L1456 L3ITEDHEMER LA

LLICHDAREFFREIIRE 2ok,

Rt 7%, AR EAREHEHER DR AR A
ERELTHILICEYPIKTyFLALLE
B TEbN TR d0LELLNE,. ORI
B LT Anwar S PI DR Z 2T LRI B
WTHER A & #ERAR A ©F1TdH % motion segment
(MS) D& EHKRE L, TREH#HICBATMS D
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A ENEERAEEER (LLIF)—FhER,

RViE, SHHE
LLIF OFiFE
XLIF
FeR D = Em E
FUHIC BLEENTWRY F BH»0OHEEESE

MR OB MRS EE E Lo EHERBICN
LT, B EEEEEAREERE (lateral lumbar
interbody fusion : LLIF) %M L7z#& 25580
LTw3%, LLIF ¥ 2001 £ (2 Pimenta 2SR K
FROAREE=S) Y LOFRTHD TH
£, FOBVII /Y —OHRBLBEE=F)
YIVAFLOBEBERT, LVEETRHENE:
ZF 5 extreme lateral interbody fusion (XLIF) &
e TERLL. 2006 £ XLIF OMHTDOHRE
%Y, PEROBIHMEAEBERE (anterior lumbar in-
terbody fusion : ALIF) %7754 b @ posterior
lumbar interbody fusion (PLIF)/transforaminal
lumbar interbody fusion (TLIF) (Zf%h 5 {KEHE
FMiE LT, BFERESESCRES LT
2 1.6.10)_

XLIF i, ALIF OFE 2/ EOPOERTIC
725 LI CRBEELDOT, REERSFPR
mMEPARESBERTAI LR {FHICEETSEE
LT, BIFFEMORBRLEEMEY R ZERTE

5 A it

MERLY, BECPHMESL COFERFER
FRELLRYS, BECIERE I TAZ &R L,
ERERORELR Ty —VEBRAERICRE TS Z EHT
g %5.6)_

XLIF ®FIEE, #0% F ALIFOREELE bW
Z 505, HERAAEITE A 5 I 7 M AR R AT B
T, — YV EHEFIHED ring apophysis % XY
AIBTHRETHZET, #HEZNMLTHRDIIER
EBETELZ L, Al - BEHHEEZEELRMS
HeRRE 2 153 5 = & T ligamentotaxis 12 X 3
TR LEROBEFTE S L, FRECHER
LoBEHHRRENTWETHAZ L, WIS
BV e, BEEBERLVWIEFETLNEY.

SNHOFAEEREML T, LLIF 3 2013 4Ech
PE~NEASI-%, 3EMT6 005285
SEFICATbNId, —F T 20164 1 B XLIF
BV TIBERED S O THESHE S his
XLIF R#EOBE RN ZTv—HHifs i
A, FOREKILBEOTICERENRLTWES, K
Tk, XLIF W) BINHBRAR s ZehroF
BT ) 7204z, BE, FHFRICOVWTOEE
ERBEELTWEW,

N

* Surgical Technique of XLIF for Lumbar Disease

** BRERAZERARE (T321-0203 T4E LA b/ 880)/Hiroshi MoriDAIRA, Hiroshi Tangrcur ¢ Depart-

ment of Orthopaedic Surgery, Dokkyo Medical University

FHeEHL 3000) : 803-900, 2017
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F 1 XLIF OEWER

- BEEM T E - RS RET <D (Grade TIF)
BB MR AEE & O L LIARAFRETE

- HEER AT

- BlE R MR E

- PLE/PLIF/TLIF # O& B P HE4HESR

A BREATROBRE PR EER

- {LERYEHE RIAR 2E

R o

« Ot

XLIF D&

XLIF O@ISiE, HHMRoZERPHREE*IRE
L7zv RTOEMERTH D, BRIEEFITHR
i3, XLIF ¥ —YoRbH ICERBEROBAR
UET 2% E, FERD ALIF 0% OFERICHHE
TE5L, BEEWMOBFEHICBWTER, HEFELE
AT BT A2 LERRVWAIIIFICEE
THAHY, & LEBEEY R

BSOBRRIE, Le/S1HER (B OIEH#L L7
Lo/6 HEBIE & ZITTT8E), 77 u—F % HET A
MEFEITREEMR, high iliac crest FEBI, %
RIEOERE (FEFENELRLY), BEOTRYET
HbH. TROPRE(EDE, LTOMKOER
D A5 — VRiEIE 18 mm KRR LT 5%, High
-iliac crest FEFIICH T2 Lass HEREITICB VT
i, LRIy —ERRCH LCEREICRET
B ERERLTDXLIF LY, BEELEBIT
WMRACL 527 % —%2FET 5 oblique lateral
interbody fusion (OLIF) 244 4. B, T
NYEPBREED Las EMICT LI LISEET
B, VbW rising psoas sign FEFIZB VT D,

REFHEWE»S LT3 OLIF 24925 Y, KE -

HEETHEAT S XLIF T RIES & & b IC)E
MBEEVPHAINETA-DLV NI 2y —0BE
PHREZEFIDH 5.

—75, XLIF 3%&E% Mb i veads, OLIF &
FPOBAT B0, KRBT -AEARE
Fevs HEOEFSCPHEOEEN/-®IZ, £
% 6@ LLIF M4TARB 2 EHREEES B W

T, XLIF OGRAZBIRTEA2FERAS W
XLIF O b BELTHERIT, BBEICHEE
ALTHRNREESTRERAERERTH
pesad KFETI XLIF MR T, BHE» S
open @ Ponte B0 Y (MM BIELIR : Schwab
Grade 2'B¥1 0 ™) %1% 7> hybrid B0 FH

WT2oWTHER LW,

XLIF DFHiFH

BE DA & BR O

BEED b bEATE B, MO
XBTF—Fy b eTaRBOEEPEADL
eV BahEBLUBEOMER, MRL CT
TRILY & EHEEOMBLHAL, BAIcE
AN % BET .

X RBRATRER Ny N LI B2 % ER % HB
ML TyF—7TEHETS. BESTHRLsE2
72, BRBAETS & UHEBIEN I 30 BEIREE OO R B AL
TEETS. BERLKBEAEFORCEY
0~VEBEI vy F4 7Ll T2 LT B
WHEANOEAFES L L5, 2720, AFD
Tx v 4 7R KEHCIEMRE L RRL
WL 2 EREED L0, EE L ET 5.
MECBENLV LS 2 5 —RBOHTE 2554
i, DETHRBOFIRE LD SbTITY,
BHEFLTAEIW, :

XLIF FHAOTHES X S50, S 0HERR
DETHD. BEEEHTEAMBOFE lateral &
AHLNTEI LD T, HERIRESTHRLNEC
LFS 25— %RETEA. B, KEBHT
EAEEOE APEFEONLZETIZUDT,
WHIXEL LT RN OSHESR L BEHE D 10w
35, BREMATE, SHEBCEROBENES
D, i, BEFNbLZEICE - TREOES
WHELT 5720, HHEMCEIR, ZORE,
FHEEBRELTERZ X BBRAYERT 24
EHH 5.

BEE770—F

HEIBREOER T, BHEO2EYT T
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ST ARTTNT

D—F T, ETHRAIOBIEDR b RBER
AY, FIPOANLHEOELZIEYIC, HEEK
DELIIV IS 7y —-RBHOEEWEHTT,
FAV—Ya B2V bS5 5y —%BEBETA. L
PL, ZOTTO—Fi, FEGALL P T2 5 —
BEETOS L3 VIMESHBOREY
L7274 FEETH Y, HBITFT+45TH
5HLBARBENELL2TWREXS S, ¥4 L —
Ya VBERERMELLEYT, ERETIEE
IRIED T3 54 e KIEH OB ZHERL 256
TH L EEIDI-N

1 Y7 70— 513, MBS A CH A RE % i
#"3IBLSL, BEPS /3 OMAE PO
MA 5., EEYRBIE, BEAXAZMEHEETICHM
REETZEBEL, 7 - RS, BEXRGEEE
LTHBIEICREML, BEGELMMICE &
HEREIET S, 17 e —FCEETIC
BIEHEREICERZE L TwWA &, BARORIET %3
FHA)y Midkel, BliddoXs 1 &7
T—FZiToTWnAh,

BEEEICEELLS, BEERBBACRES
WHoET, MEEORAE, £ 120WE, BEOREE
i) BIEOREEETEET 2. BRLAVTERE
JEEs % RS & U BEPEERR & & IR ~E
LA, KEGFOAEZEBET 5.

BEAEGEEAE MaXcess L b5 7

A—MERE

XLIF Tiddhd, EMEZE2TAC T 2HS
FAV—F—%HWT MaXcess LV NS 7 ¥ —%
FREL, VIS Y—0OBARTHEAOKIES 2
FW LA THBRZERT 2. XBERTIC
HHEMZERL, st M 1L —F—TLouE
TREHZHT25%, EE_FYyFE2HAN

CTHRET A, FAV—F —SEES L OB

T, E=7y—OFELET, BRIVl —%—
POOEMIEEDARERESHEBRTEL, L]

778 —REMEEREN,D I/30HEEAS

A, HEEESBEATIRBIENT, WECRMR
NAUNEE THHETO LTV DERS L, M
BETERICEGANET, A1 P94 v—%

FHEH vor.30 mo.10 201741048
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Ist 4 L—% —PUZ@E L CHBRAIHA LT
HBEERL, BV TERNRTHEELRZH.S
2nd, 3rd ¥4 Vv—39 -2 HwWhHBEL IS ¥ —
BT

VS0 7 -RERIC X #EH lateral T
MARIC B 2RIROMNELZHERL %I, APE
THMBE~ORBEENEITLE2HETS. L}
S y—PRMCERBSNLZESE, LTS
¥ —wE R OEMERS S ATERIES T LA
LURBPYASA FERDIERTEL, 0B
G, FHoOMERE O CEMEEN RTINS
ZLRETHEELT, FBEOIWBAENROLL
5. RBEERBLAESGL S 7 ¥ —H2EETIC
PHEAAR HKIHEGEE 7 L— FOEEIC LT, &
B LTS R -5 TS 2 RET 2. BEH
HAR-V 70— TCHRONELHRL 251
WM shim TL M52 ¥ — %2 BREEL, 20
BULINI 27 —2BHAELL{®-< h EEARL
T, BEBEAE 2 LEFS0HRECRET 2. B
%S, AV N9 27 — 2 HERRAE D S piE
W > CTHHbETRE LT, EHOKRLES
REZ XA (A1),

HRERER

TV ELRELABETHERy IRy F— 2
TR O R 2~ —F > 7 L7278,
AACHEHHERZUALMTFTRET S, Bico
TIVLR—% - HWCHRAOKERIES B
BEPOHBEL TBL T A5, FEELHEHRAE
JRIZEHHENTH B, Fl2oDk &, XBEHAP
BTHEL LS OBHESR T CHSBL TS
T i, HMEZFITRRATALDICHETH
B PEDHO LT AT M bR A IR R T
Wk, ERTEEREROBET 2B RE
KPR LT v, BEOHERA CIGHY
PWRTBEr — VPR EEE RHOTEESE
ThH FATRYYTFaly b BELEGO
BREFIWCHERNZZN, BUERELZEELLVWE T
BIZHWS.

B ¥—TVEA
FIATRERAICRES L, BEREEDY
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>
Z
Z

Bl #BE4U245E MaXcess L 57 2—0O%RE

AXTr—VOEseRBWRETS. bFATN
DO ET, X BER AP B2 TR, —EXT
PFATNERSFEEET LT lateral ETHRIZED
UEBEZHALTBLZE2HD- (A 2). o
BT E, CoREThANEr— 0l
BELBIOBENTETHEL. BREEL:Y—
VHIICBHEEZTEL, A5 ¥ —2RAnTsr—
VEEBATA.

gy ——

BABRETEADGEH ® 3, 4

bivbhid, RAFBREROBLEIICHAT S
LLIF & LT, EEBICEXLIF2HnTw5,
HHIC#EAT S OLIF i, HMEFGEADMMEDS
FEWIIEATICHRRTEYT, BHTIZY 2 —1—
ZHCTHEMBRREZT) P, HHEROEE» L
EATHXLIFE, V27— BLICERTIC
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B3 68RY &
B 6D La/s/a/s D XLIF % HEAT L7z, HHF 6 La/a/a/s O Ponte S8 9 % £ L7221 B EER
(T10-IB8) %47 WA 1,076 mi Tho =

BRI & D La/3/a/s © XLIF AT L7288IC, #4556 La/3/4/5 @ Ponte B0 %448 Lf:?&?i
FIEEER (L1-S1) #iifT. BOEE 720ml Tho 7>,
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(min) 600 -
500 4
400 -
300
200 -

100 +

ol .
p=0.0013*
{Wilcoxon signed-rank test)

5 TR

MePIM % R E CHER L 2P RIEHTR
L, o kid, BHBEZAH#TIILOEN
BEHHICBWT, BERIREBGOREEZHE DD,
IRHE R B A RRMEATT & B XLIF ORETH
A EWRTRYVEREBEOERERL, EHE
EAOEHTRELL BRL2L01E, A LiEERbE
DHEETHL. BEEHEFNTIE, EARBOHE
BEBEBET A0, KE VR HFEIK
BEPF—TTEIOTRILORIEL L. B
MR E & IR OMRPEL 2200, F
D & WFAHRIEIRD b RB. )

XLIF IR CHifT 3 A% P FW T, bhb
FZEARRIC open THT L TWwW5. HEERES
BRHL, BEPLOBEITETHE. BAFE
ZOULETSEREERTI L, BREEOD
LZEMCHEASNIA VT T v MCEEL M
DEDEHS. BENTTRRRETA Y TIY
PMERDOBEXITLIE, A7) 2—0DWEARE
WrEL AOLRBLETEMRERZAILEE
5.

JEHNE 2R T 272012, 471V —ALT,
R % T B XTI L B, B
OTEHOMA L FRCEHEET2EL -0, @
SEMBAOIRZAE & R LR R R L, T
EROYKRE NV —TF Y2479 . Pelvic incidence
(PD) o= v F L EEHERTEERL D 1212, AR
FHBEFMC T, BATEONBEHRETEICMA

(mf) 3,500 -
3,000
2,500
2,000-
1,500 -
1,000-

500

0 A H
p=0.0001*
(Wilcoxon signed-rank test)

® 6 HmE

T, ENETOHBAELEBRTRELOPEHE
LTBL., #fFLAXLIFKE o TRIARAARLZ
HERGIZ, Ponte BYIR ZMATHRAFEMSESLZ
ET, HRNICHELZMETE S, XLIF 29T
TERWLs/S*, & &ITLastc, Bl
BOBLELERAEBREZ BN, LEIIBLT
PLIF « TLIF # {75 5. #HA4A V79 ¥ F Ok
BoBiwci, EHLMEZOF/-uy NI, BE
BEl7 » % —5 6 cantilever technique (2 T
LTwE&, Oy Fo rotation & in sifu bending 1

C TEREO 70— NG v R BBIE L2z,

EHIZAZ Y 2a—MICERDZ P CaERRE
iz 5. HERIFLARZRIC X AWMERMRERMERT A
fEWAH B2, XLIF X MRS 0#EAN
e, ER#SERZIRLTBZET, 4o
BExBHENEYERTZILNTES. T,
BN TH D L/SITMEZT, LasicBVnTD
XLIF TP EELEABL 2r 6T FET S
A, 2 LERI TR, LU TXLIFIZX 5
THDICRIEHEESNSE Z LT, BRo /2B IHEEE
BB X B35 v AEAL (oblique take-off) A4
Laotdda. XLIFKLAHEBEDEN D
BEETHRLBVWEIK, BHFFMOBEIITFE
BRI UEEDS.
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Major
FUTEIALES (FER)
MAEIEE (FERWH)
AR E
T Oth (BREREFIR MOA2 i 7 &)
Minor
FHEIRY: (RFB)
r— T OfiEE
fRAREHD (>3,000 mi)
—BEOMERE 1

[ R
[ I N S

DO et
| oo | ~

RABRERCNT D XLIF & open
DEFBIEMNTIC KD hybrid i& ((EE
ik & DLEER)

M BLVFHE

XLIF & 17 open FH7iC X % hybrid & % T
LZZRIRE Q=S VT 54 A NEEDD BH
AFHER 406 (X 3) 205E L. E5I3F
¥ 67.3 5% (49~823%) T, HANEBEM 96, &K
1#:31 $1CH o 72. SRS-Schwab ST, L(TL/
Lumbar only) : 17 %I, D (Double curve) : 4 4,
N (No major coronal deformity) : 19 #1Cd = 7-.
—7, PEREE AT LA EROG: 5,
G (£578), M3, SRS-Schwab 48T 1:1 1
T FrIERLOME CEBELT, XEEE
WRIDREW L BEHRIZOVTHEI L. RE
BB, FNEE BWMBEHES, #ish- #
LEROEFEEDNS A —5Th 5.

Ep

XHTIZXLIF 23 2.2 M ETL, BE

HERMBUIFEH 6.7 TH o/, CHTIL13F
T3HZ7L0F0Y2HITL, DATHEEILE
HERI D PLIF 247y, BEEHERI RIS 7.6 #eR
Thof. BFHREEE X BENTEY 464 5
(334~608 53), C EEH I 4054 (285~540 43)
T, XBLUTEREZENI o7 (p<0.01) (A 3).
HIE L, X FH4FH 1,154 m/ (335~2,529 mi),
C B2%F# 2,051 m! (623~5,230 ml) T, X BT
THEBII Ao (p<0.01) (B 4). XEBoOL

EAEIE (HTRT/#772-F3) &, BEHEIZ Cobb &
(Schwab AL BL U D) : 49.0/17.3 &, JE#H
HE A (lumbar lordosis : LL) :4.8/39.8 B, PI—
LL : 47.1/12.1 &, B%HBE (pelvictilt: PT) :
36.0/23.3 &, SIRE/NT X (C7 plumb line :
C7PL) :3.0/1.7cm, sagittal vertical axis
(SVA) :12.9/3.6cm T, CEBOEHHEZ Cobb
8 :49,6/17.0 B, LL :1.9/40.4 B, PI-LL:
49.2/9.0 %, PT:35.5/22.6 B, C7TPL:4.2/1.9
cm, SVA:11.9/3.1cm $HELT, wihdf
BEFZDRP o7

B -atE i, MBI SRS % RS 1
BIgD, RE1HATORDIEDL, CHICERN
eELZZULERELZED, CEOIHITHME
3,000m/ Pl Lz XBTXLIF r—-Yol
B 1 PIRRDH Iy — Y dikE LA, BEEE
iR, KERBEE» o7 XLIF #AHD
—BEDHMEREEN 12 U A S NT=D5, 1RTEE
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1 5471 FREBERERERTIERENS Y ZADIVER

FREAT YA &< (a): MR L UMBRICEGERCLABEXHS (b) DEENESS{, FBBICXL HiK
REAFZERE7 54 A7 1A% 5N05 (c). Ponte BHH EBFA VAo MAYF—Va YT A GEEED
ATRFLETSA A e Fa—siwnsyAHELRS (d, e).

NBEH D B RICHIIT TORATES L,
h—TORBEEFRENPS 5 74 TGV THRE
1o TELME KT, lateral interbody
fusion (LIF) fEfIC & 2 EEBILIC b fh 2 d5s,
F A TR OEREREITONWTRRS.

A BHEZ R OFER ST

FREERIH§ 5 @R M080RC I, e
FIRMEEFMALETH S, RATBEROWHEIEE
fliTiZ, side bending (= & % fZ Ok MESEM -
MMz T, fulcrum backward bending (FBB) ¥:4
L HBEEOREMFEEITS.

BELZ XBRESALZWBLE L, BEOHE
MR LY 74 - ABOMEEHNT, B
HORKEBMEZEL, £F2ME X 854
H®ETH ZOFBBECHFHARZMIEST S0
DWFFE T, FBB TH LN L EHINE 2 {REE
HEE (virtual lumbar lordosis : VLL) & ¥ 5 &,
VLILIEZEUY ZHBLEVWA YAy MR Y
FT—Ya YFRTHELNELL E ZLDTEHVE
ET—HTA2Z AL 22 Th
nbNid, pelvic incidence (PI) ~VLL # % &1
PHRTEVE % 2T T & 7.

VLT BHISERTEREETD
FIREINS 2D KUVER

TBIRE NS » A28 X { (C7plumb-line dis-
tance (PD)<3cm)®, HEFFHKZE (PI-VLL<
E5 4 7ThHD (E 1), 2054 7OER
T, TRENS Y APRLNLTWE DB
TEOIFUENLER W, T/, 457V —ALDH
AL TR EF 2 BEME NS0, #F
AYAPSINAV TV a VORTELBBFBE
BEMAGEINE 2D, 5471 OERIZREDFN
BA R FERHCHIETE 5720, 80 UL EOEH
THoTHEFWRTHL., BHBENBELE
FlCBW T, BEROHMSRAS ) 2— (PS)
DR L HRPHEEETRZE S, 1~3 M
Ponte B4 ) 2 LOBFERDEWY (Schwab
Grade L or 2B H)¥ 2 MATH L,

B % L ¥HE (upper instrumented vertebra :
ULV) i3 HBH#eSRFRE R ORIRIC X Y ET 575,
PR TIORHEET 5. BETHE (lower instru-
mented vertebra : LIV) Z&EIZS1 TH 5.
FIEDIT & A EPEMERICESE D, B
FHREZEHTLILD, L2 LIVICTEZ L
BEETWOBERED ) A7 5 H#RTE R,
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SERE /0 —3 S VARTKRALEWAIEE () € [EEEEYSH S (b) ISR T, FBBIC
I WEHNEIE LIS (c). BYNEEHOSH S L4 ZH LTLIF & TLIF & 5 IVR 217w, fl
TRABFIETSH, BIREAT Y ARERILL T3 (d). Rod de-rotation ML= EL YA by
NAYF—Ya Vit AEECRIFRIEHGZE2EELTYS (o).

EMEEEOTRT YA —ESIPS LBEBRZ
Jao—7 Ptk s 4 SEE (4-point fixation) #%
WIREEZD.

Y472 RRIGREERERT S
RIRE/NS Y A DBLEE

BB X 2BIRENNT Y APFRT (Cr
PD<3cm), #ENFHKE (PI-VLL<20 ) ¥
AT Thsd (B2, FELTERENT ¥ AWE
* HWICRBBERZT) A, BEHRES B HERAE
RS BARIEER, BHFBEOATRTSRHA
EHETFRITELR, BWHEBZI -y P
Ponte ¥ b &, #iHF%Ww LEFD 6 OBIENZ
HERR M (intervertebral release : IVR) % # A
HhETHESTHY. HE, FIPTHL HITE
NBZ Lo LIF W IVR DEALFERTH
%. PLIF/TLIF OFH & B ) WEAEOBRE
F iz HmBEBRICERST, KEEMEOBR
PHLIETELY. ERBEDOT ¥ H—1Zi PS
#HWT, 4Bl rod de-rotation E& M2 5. <
DEBEHRIEROMEYBE L2l OHEALIS
i LAL -0, EHAEEREICELSE 5.

\ .
T RRENT VADBENGARLE, FA4T2D

ZERCBWTPIIKES LA LL 285 T LI,
¥ 471 ARRCEETIRRL, LIF #BwTiEkE
BTt+a%s LL 28852 8T, BWERBTHO
BB RES T UIV % L2 2 T& 2 EHD

- AR v,

473 AIEHEELENES
WIEHE P B OHEIEL FBB KB T+5

CEEXINT (PI-VLL>20 ), BZE N

(<30F) 254 7ThHs (H3). BEEERR
LHEITIT S AAE R B F B ROKRE T
SAAY FPREWIELALBNRA. BMUREIRET
54 A v MEEMNEETX 5 pedicle subtraction
osteotomy (PSQ) O#ET, 1 EFOFHIZX
h# 30 EOBRBEENTRTH L. bhbhlk
Whw b egg shell FETHR L, /7 32HWH
BRI D 2T T LIS D IERERBLEARE
RPEETHEHICLTWA. PSO TREUD#ED
BREZIIKa{HHINLD, LTREZT
STEREOBHEECETRELZTARAUFEARE
(posterolateral fusion : PLF) 2*hETH 5.
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