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Abstract

Intraduction; ‘
There are considerable risks for the secondary spinal cord injury and the initial and/or delayed
vertebral 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 score 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 blood 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 also 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.

._] 5._



203 R—T

Subject terms: Fracture repair « Trauma

Read the full article

| Subscribe to Spinal ReadCube Access™: Purchase article full
| Cord Series and Cases *printing and sharing restrictions apply text and PDF:

for full access:
$4 .99 rent

$9.99 buy $32

Subscribe Buy/Rent now ' Buy now

Additional access options:
Already a subscriber? Log in now or Register for online access.
Login via Athens | Use a document delivery service | Purchase a site license

References

1. Keenen TL, Antony J, Benson DR. Dural tears associated with lumbar burst fractures. J
Orthop Trauma 1 990;_ 4: 243-245,

2. Ozturk C, Ersozlu S, Aydinri U. Importance of greenstick lamina fractures in iow lumbar burst
fractures. /nt Orthop 2006; 30: 295-298.

3. Luszeczyk MJ, Blaisdell GY, Wiater BP, Bellabarba C, Chapman JR, Agel JA ef al. Traumatic
dural tears: what do we know and are they a problem? Spine J 2014; 14: 49-56.

" 4. Carl AL, Matsumoto M, Whalen JT. Anterior dural laceration caused by thoracolumbar and
lumbar burst fractures. J Spinal Disord 2000; 5: 399—403.

5. Amano K, Hori T, Kawamata T, Okada Y. Repair and prevention of cerebrospinal fluid leakage

in transsphenoidal surgery: a sphenoid sinus mucosa technique. Neurosurg Rev 2016; 39:
123-131.

_‘I 6_



313 R—T

6. McCormack T, Karaikovic E, Gaines RW. The load sharing classification of spine fractures.
Spine 1994; 19: 1741-1744,

7. Hitchon P, Torner J, Haddad S, Follett K. Management options in thoracolumbar burst
fractures, Surg Neurof 1998; 49; 619-27.

8. Gertzbein SD. Scoliosis Research Society. multicenter spine fracture study. Spine 1992; 17:
528-540.

Author information |

Affiliations

Department of Orthopaedic Surgery, Hokkaido Chuo Rosai Hospital Spinal Cord Injury
Center, Hokkaido, Japan

Chikara Ushiku, Kota Suda, Satoko Matsumoto, Miki Komatsu & Akio Minami

Department of Orthopaedic Surgery, Hokkaido University Graduate School of Medicine,
Hokkaido, Japan
Masahiko Takahata & Norimasa lwasaki

Competing interests
The authors declare no conflict of interest.

Corresponding author
Correspondence to Chikara Ushiku.

IC rO P E | commiree ox PUBLICATION ETHICS

Recommendedfé’% X

This journal is a member of and subscribes to the principles of the Committee on Publication Ethics.

Spinal Cord Series and Cases ISM&&?Q@i@mngaseﬁ&gﬁ)ﬂm@lﬂﬁiwﬁéﬁﬂg@g@@iﬁwf a

Bizarre Parosteal Osteochondromatous Proliferation of a...

© 2017 Macmillan Publishers Limited, @qﬂé}élser{ngecﬁgp@e.\/gbﬂqyé%ﬁsewed.
partner of AGORA, HINARI, OARE, INSERaBF D &rnestiePrisliE QUMERR (2017)

SPRINGERNATURE | Tell me more 10f6 { Next?

_‘I 7_



Eur Spine J
DOI 10.1007/s00586-016-4807-7

' q | ;CrossMark

NI

Normative data for parameters of sagittal spinal alignment
in healthy subjects: an analysis of gender specific differences
and changes with aging in 626 asymptomatic individuals

Yasutsugu Yukawa'?¢)- Fumihike Kato? » Kota Suda® + Masatsune Yamagata4 .

Takayoshi Ueta® + Munehito Yoshida®

Received: 19 May 2016/ Revised: 5 September 2016/ Accepted: 3 October 2016

© Springer-Verlag Berlin Heidelberg 2016

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; T12-51),
pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS) 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 + 10.9
for PI, 14.5 £ 8.4 for PT, and 39.4 & 8.0 for $5. Mean
SVAis 3.1 X 12.6 mm. Advancing age caused an increase
in CL, PT and SVA, and a decrease in LL and SS. 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 valuss 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 adult 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 criticai 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 neutral 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

a Springer
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apparent aging and gender changes were seen in cervical

alignment, it should be presumed that spino-pelvic sagittal

alignment is affected by age 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
each 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 neuropa-
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 enrolled in the
present study including 50 subjects at least in each gender
and each decade from 3rd to 8th (Table 1),

Full length, 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 I Materials; age and

gender distribation Age Men Women
20-29 48 53 101
3039 51 50 101
4049 50 57 107
50-59 56 51 107
60-69 50 60 110
70-79 50 50 100
Total 305 321 626

@ Springer

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

using measurement software (Figs. 1, 2). Bach 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

_1 g_
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Fig. 2 Methods of measurement of spinal parameters; pelvic inci-
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/
667+ 103kg and 156.2 4 6.0 em/52.9 + 8.0 kg,
tespectively,

The average values (degrees) are 4.1 4= 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 morphologic

angles are 53,7 & 10.9 for PI, 14.5 - 8.4 for PT and

39.4 £ 8.0 for 8S (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). S5 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 45 £ 127 =34+ 10.7 <0.001
4049 4.4 4 8.6 2434114 NS
50-59 53+83 01111 <0.001
60-69 135+ 114 474+ 85 <0.001
70-79 132 124 854127 0.059
All 73 £ 11.6 1.1+ 116 <0.001
Total 414117

NS indicates not significant

Table 3 Thoracic kyphosis (TK; T1~-12)

Decade Male Female P value
20-29 349 L 81 339 £09.1 NS
30-39 37391 334 £ 90 <0.05
4049 359 = 8.5 359104 NS
50-59 394 £ 105 359 £ 10.7 0.088
60-69 39.7 £ 100 36.0 £ 117 0.074
70-79 350118 34.8 & 11.6 NS
All 37.1+99 350 4 105 <0.05
Total 36.0 £ 101

NS indicates not signiicant
Table 4 Lumbar lordosis (LL; T12-5)

Decade Male Female P value
20-29 494 - 8.6 524 £ 13.1 NS
30-39 48.5 £ 11.2 527 +£ 103 0.057
40-49 47.6 £ 10.8 54.1 £ 10.3 <0.01
50-59 505 £9.1 5154 102 NS
60-69 48,5 £ 13.1 522 £109 NS
70-79 422 £ 14.8 46.7 £ 13.3 NS
All 478 4= 11.6 516+ 11.6 <0.001
Total 497 £ 112

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 .Male Female P value Decade Male Female P value
20-29 544 £ 10.1 518 £ 117 NS 20-29 —2.1+82 —4.6 & 13.5 NS
30-39 529 %102 512495 NS 30-39 3.04+092 -41+130 <001
4049 508 £1738 570 % 10.8 <0.001 40-49 50% 137 09 9.0 0.070
50-59 53.0+113 562 4113 NS 50-59 45+ 11.8 34 £111 NS
6069 5204109 - 56,0 & 12,7 NS 60-69 55+ 140 4.6 £ 104 NS
70-79 52.0 £ 10.3 574 £ 9.5 <0.01 70-79 . 103 4 144 10.7 £ 152 NS
Al 5264 104 540 % 114 <0,01 All 45% 119 1.8 £ 13.1 <0.01
Total 53.7 £ 109 Total 3.1+ 126
NS indicates not significant NS indicates not significant
Table 6 Pelvic tilt (FT) 157 '
HMale BFemale
Decade Male Female P value 10 A e e e e
20-29 129+ 8.1 114 £ 6,6 NS
30-39 13.1 £ 7.7 120+ 6.7 NS
4049 115458 162 8.4 <0.001
50-59 13398 151 +7.5 NS
60-69 13771 184 £9.2 <0.01
70-79 153 £ 74 210478 <0.001
All 132 £ 77 158 £ 8.6 <0.001 ~10
Total 145+ 84
NS indicates not significant
o Male [ Female
Table 7 Sacral slope (8S)
P
Decade Male Female P value 3‘
§ g
20-29 416474 403 L 9.1 NS 1‘;
30-39 400+ 7.1 39.7 £ 6.5 NS o
40-49 39.8 £ 69 411 +7.8 NS 5
50-59 40.1 £89 410 £ 7.6 NS i
60-69 382 £8.7 375 4+ 8.0 NS 30"
70-79 3724+ 105 367091 NS decade
All 39.6 + 8.3 393 x84 NS Fig. 4 Thoracic kyphosis (TK; T1-12)
Total 394 + 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.

@ Springer
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Fig. 5 Lumbar lordosis (LL; T12-S1)
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0 Twifaie B Female Dubousset described the theory known as the “cone of
50 4- W% economy”. In this understanding, the head center of gravity
is maintained over the pelvis to achieve an energy efficient
40° mechanism for ambulation and upright posture [22]. The
;'3: 30 1 body adapts to changes in this balance to regulate the
3 20 - center of gravity over as narrow a perimeter as possible,
Various compensation mechanisms would work to main-
101 tain sagittal balance to achieve an energy -efficient
o- - . mechanism.
200 300 40 500 600 70 all In the cervical spine, Yukawa et al. reported sagittal
decade alignment and range of motion in 1230 asymptomatic
Fig. 6 Pelvic incidence (P1) volunteers [6]. They revealed gender differences and age-
) related changes from 3rd decade to 8th decade in the
25 parameters of cervical alignment. Cervical lordosis in the
MMale @ Female i neutral position increased with age, particularly in the sixth
20 decade and to a greater degree in females. However, the
o 15 total range of motion decreased linearly with age, partic-
2 ularly in extension and males.
= 04 With the increasing evidence gathered for the clinical
importance of sagittal spinal alignment, we sought to better
5 understand neutral upright sagittal spinal alignment in
. I 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
Fig. 7 Pelvic tilt (°T) 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.

45
40 1

#Mals @Femals
BN | E—

30l Y : ' ' B Gelb et al. reported that increasing age corresponded to a
. : \ : p g ag P

MR am FIE AR e e (R more anterior sagittal vertical axis with a loss of lumbar
< 01— Wi A — I lordosis, comparing asymptomatic middle- and old-aged

151 volunteers [7). Hammerberg and Woed demonstrated
that aging induced an anterior shift of C7 plumb line and
2 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 S8. A sudden decrease was seen
from 60’ to 70’ in TK and LL. In response to a LL
Fig. 8 Sacral slope (S5) decrease, a decrease of TK and increase of PT might

occur as a compensatory mechanics to maintain global

0 3 40 50 60 10 all
decade

P for sagittal balance {23]. A large increase of SVA was

®Male @ Female also seen between 60’ and 70°, indicating that the com-

10 pensation mechanisms for the concurrent LL decrease
were not sufficient.

E 5 Regarding gender related differences among parame-

E ters of sagittal spinal and spino-pelvic alignment, Vialle

o- et al. showed that fernale subjects had higher values in

lumbar lordosis and PI [13]. On the other hand, Mac-

J Thiong reported that there was no difference in PI, SS

-5 decade and PT between males and females [19]. The current

. - . , study demonstrated that there was a relatively large

Fig. 9 Sagittal vertical axis (SVA) gender difference in CL, LL and PT. In females, groups

@ Springer
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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 individual 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 cne 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 account. Second, only
asymptomatic 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
reconstructive surgeries for adult spinal deformity increa-
‘ses, To detect the real natural history of sagittal alignment
changes over time, a long-term follow up stucy 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

study of spinal alignment and the sex/sex ratio is-almost

50:50. We believe that larger number of subjects and bal-
anced sexual and age distribution should improve relia-
bility of cohort study.

Conclusion

Full length, free-standing spine radiographs were obtained
in 626 healthy subjects, Standard values and deviations 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, decrease of
TK & LL and increase of SVA, was seen from 7th decade
to 8th decade.

Acknowledgments This study was supported by institutional funds
and by grant research funds, which are intended for promoting hos-
pital functions, of the Japan Labor Health and Welfare Organization
(Kawasaki, Japan). No benefits in any form have been or will be
received from a commercial party related directly or indirectly to the
subject of this manuscript.

Compliance with ethical standards

Conflict of interest None of the authors has any potential conflict of
interest.

@ Springer

References

1. Schwab F, Dubey A, Gamez L et al (2005) Adult scoliosis:
prevalence, SF-36, and nutritional parameters in an elderly vol-
unteer population. Spine 30(5):1082--1085

2. Jackson RP, McManus AC (1994) Radiographic analysis of
sagittal plane alignment and balance in standing volunteers and
patients with low back pain matched for age, sex, and size. A
prospective controlled clinical study. Spine 19(14):1611-1618

3. Glassman SD, Berven S, Bridwell K et al (2005) Correlation of
radiographic parameters and clinical symptoms in adult scoliosis,
Spine 30(6):682-688

4. Schwab FJ, Blondel B, Bess § et al (2013) Radiographical spi-
nopelvic parameters and disability in the setting of adult spinal
deformity: a prospective multicenter analysis. Spine
38(13):E803-E812

5. Yoshida G, Yasuda T, Togawa D et al (2014) Craniopelvic
alignment in elderly asymptomatic individuals: analysis of 671
cranial centers of gravity. Spine 39(14):1121-1127

6. Yukawa Y, Kato F, Suda K et al (2012) Age-related changes in
osseous anatomy, alignment, and range of motion of the cervical
spine—Part I, Radiographic data from over 1200 asymptomatic
subjects. Eur Spine J 21(8):1492-1498

7. Gelb DE, Lenke LG, Bridwell KH et al (1995) An analysis of
sagittal spinal alignment in 100 asymptomatic middle and older
aged volunteers. Spine 20(12):1351-1358

8. Hardacker JW, Shuford RF, Capicotto PN et al (1997) Radio-
graphic standing cervical segmental alignment in adult volunteers
without neck symptoms. Spine 22(13):1472-1480 (discussion
1480)

9. Vedantam R, Lenke LG, Keeney JA et al (1998) Comparison of
standing sagittal spinal alignment in asymptomatic adolescents
and adults, Spine 23(2):211-215

10. Legaye J, Duval-Beaupére G, Hecquet J et al (1998) Pelvic
incidence: a fundamental pelvic parameter for three-dimensional
regulation of spinal sagittal curves. Eur Spine J 7(2):99-103

11, Korovessis PG, Stamatakis MV, Baikousis AG (1998) Reciprocal
angulation of vertebral bodies in the sagittal plane in an asymp-
tomatic Greek population. Spine 23(6):700-704 (discussion
704-5)

12. Hammerberg EM, Wood KB (2003) Sagittal profile of the
elderly. J Spinal Disord Tech 16(1):44-50

13. Vialle R, Levassor N, Rillardon L et al {2005) Radiographic
analysis of the sagittal alignment and balance of the spine in
asymptomatic subjects. ] Bone Joint Surg Am 87(2):260-267

14, Boulay C, Tardieu C, Hecquet J et al (2006) Sagittal alignment of
spine and pelvis regulated by pelvic incidence; standard values
and prediction of lordosis. Eur Spine J 15(4):415-422 Epub 2005
Sep 23

15. Rol::ssouly P, Gollogly 8, Noseda O et al (2006) The vertical
projection of the sum of the ground reactive forces of a standing
patient is not the same as the C7 plumb line: a radiographic study
of the sagittal alignment of 153 asymptomatic volunteers. Spine
31(11):E320-E325

16. Schwab F, Lafage V, Boyce R et al (2006) Gravity line analysis
in adult volunteers: age-related correlation with spinal parame-
ters, pelvic parameters, and foot position. Spine 31(25):E959-
E967 -

17. Kuntz C 4th, Levin LS, Ondra SL et al (2007) Neutral upright
sagittal spinal alignment from the occiput to the pelvis in
asymptomatic adults: a review and resynthesis of the literature.
J Neurosurg Spine 6(2):104-112

18. Lafage V, Schwab F, Skalli W, Hawkinson N, Gagey FM, Ondra
S, Farcy JP (2008) Standing balance and sagittal plane spinal

_23_



Eur Spine I

19.

20.

deformity: analysis of spinopelvic and gravity line parameters.
Spine 33(14):1572-1578

Mac-Thiong JM, Roussouly P, Berthonnaud E et al (2011) Ape-
and sex-related variations in sagittal sacropelvic morphology and
balance in asymptomatic adults. Eur Spine J 20(Suppl
5):572-571

Miyakoshi N, Hongo M, Kobayashi T, Abe T, Abe E, Shimada Y
(2015) Improvement of spinal alignment and quality of life after
corrective surgery for spinal kyphosis in patients with osteo-
porosis: a comparative study with non-operated patients, Osteo-
poros Int 26(11):2657-2664

21,

22,

23.

_24_

Hasegawa K, Okamoto M, Hatsushikano S, Shimoda H, Ono M,
Watanabe K. (2016) Normative values of spino-pelvic sagittal
alignment, balance, age, and health-related quality of life in a
cohort of healthy adult subjects. Bur Spine J. [Epub ahead of
print]

Dubousset J (1994) Three-dimensional analysis of the scoliotic
deformity. In: Weinstein SL (ed) The pediatric spine: principles
and practice. Raven Press, New York, pp 480481

Barrey C, Roussouly P, Le Huec JC ¢t al (2013) Compensatory
mechanisms contributing to keep the sagittal balance of the spine.
Eur Spine J 22(Suppl 6):5834-8841

a Springer



Volurie 25 - Humber 5 « May 2016

Worldmde Excellence E
in Ev;dence

@ Springer

...2 5_



Aouréﬁ’it:l‘e' 'is‘pr-'otected by copyright and

e ..Verlag Berlm Heldelberg This e-offprint is
~for personal use only and shall not be self-
- archived in electronic repositories. If you wish.

publication is available at link.springer .c;ém

@ Springer

_26_



Author's personal copy

Eur Spine ¥ {2016} 25:1542~1549
DOI 10.1007/500586-015-4185-6

ORIGINAIL ARTHGLIE

Risk factors for adjacent segment pathology requiring additional
surgery after single-level spinal fusion: impact of pre-existing
spinal stenosis demonstrated by preoperative myelography

Itaru Yugué' - Seiji Okada® - Muneaki Masuda® - Takayoshi Ueta® -

Takeshi Maeda® - Keiichiro Shiba®

Received: 5 June 2015/ Revised: 5 August 2015/ Accepied: 6 August 2015/ Published online: 14 August 2015

© Springer-Verlag Berlin Heidelberg 2015

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
orienfation 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 L4-5, 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 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, 3, 7], sex [4], multilevel arthrodesis [3-53], 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 1.4-5, 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 stndy 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.

PLE had been performed 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 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 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 disc
angle were measured on lateral radiographs of the L34
and L4-5 taken in the neutral, flexion, and extension

_2 8_.

positions. To minimise the errors due to different magni-
fications, the vertcbral 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 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 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 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 firoroscopy. 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 L34, 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 (@ + b)/c x 100. & Intervertebral disc

extension position

angle in flexion position, § intervertebral disc angle in the extension
position. The range of motion is o + 3 in degrees

Fig. 2 a The Iaminar inclination angle at L3 was defined as the angle
formed by a strafght 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 L3 vertebral cortices on lateral
radiographs, & Facet orientation and tropism were determined by

was defined as a condition where an additional surgery at
13-4 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
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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 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 nammowest
anteroposterior dural sac
diameter at L34 (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

myelography

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 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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improved neurclogical 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 L.3-4 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

@ Springer
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Table 1 Inter-observer

. Parameters P value Pearson comrelation
correlations for study coefficient
parameters

Facet orientation <0.001 0.91
Facet tropism <0.001 0.52
Laminar inclination angle <0.001 0.36
Segmental lordosis at L4-5 <0.001 0.37
%Slip of L4 <0.,001 0.89
SCSR of MRI <0.001 0.91
SCSR of myelography (neutral position) <0.001 0.38
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

Survival rate

0.2 - ——  BMI 225kg/m?
=-====  BMI <25kg/m?
Leg rank test; P = 0.0457

00 +—— 11—+ ——————————
20 40 €0 80 100 120 140 160 180
Time (month}

Fig. 4 The Kaplan-Meier survivorship curve of patients with
BMI = 25 kg)'m2 versus those with BMI < 25 kg:’m2

1.0+

0.8 - #ame '
- ;
.
% 0.6 . P . :
E: s
S 0.4- :
w |
= ftacet fropism =11° '
0.2 4 =====+ facet fropism <11* .
Log rank test; P = 00178 !
0.0 ——Tr T

20 40 60 80 100 120 140 160 180

Time ( month)

Fig. 5 The Kaplan-Meier survivorship curve of patients with facet
tropism >11° versns 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 (log-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 (AUCY) 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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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
stenosis ratio > Source of the Curve AUC
=
‘?E SCSR on myelography 0.7528
% In extension position
SCSRoenMAI ... 0.5768
Chl-squared test: P = 0.0004
0.0 - T | B S R A
0.0 0.2 0.4 0.6 0.8 1.0

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 (female) 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 neutral >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%

BMT body mass index, SCSR spinal canal stenosis ratio, MRI mag-
netic resonance imaging

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

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,
§-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
clinical adjacent segment

pathology after lumbar spinal
fusion

Risk factor P value Hazard ratio 35 % confidence interval
BMI = 25 kg/m® 0.0212* 312 1.18-8.49

Facet tropism =11° 0.0114" 374 1.35-10.30

SCSR in myelography >47 % 0.0003" 487 2.05-12.78

Significance was set at P < 0.05%

BMI body mass index, SCSR spinal canal 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 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
lamipectomy during the index surgery, since performing
laminectomy adjacent to a fusion segment demonstrated a
significant agsociation 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 recornmend 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 favum, 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/m? 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
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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/mz, 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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CLINicAL CASE SERIES

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,t 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 (C$CI)
for various reasons, s0 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), PaQ,, 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.

items 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 CSCl. 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 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 dislocation.

Level of Evidence: 3
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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 CSCI,*~? and
respiratory dysfunction leads to massive financial expenses.?
The cause of death for patients with a CSCI 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 CSCIL® 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 resgiratory complications, as various
studies have reported®>%~*%; 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,”'* complete paralysis,’-81417:19-22.23 3 hioh Jeve] of
neurclogical paralysis,®!%1%?! the patient’s general con-
dition prior to the injury and a prior history of lung dis-
ease,"*12 a 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 partients 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 neurclogically. 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 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 PaQ, 70mm Hg or less and
PaCQO; at least S0 mm Fg 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 discharpe 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,
PaCQO; 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 1A, B).

Age, Pa0,, 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
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 toral 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 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 admission was C2
in 1 patient (0.5%), C3 in 10 (5.0%), C4in 90 (45.2%), C5
in 62 (31.2%), C6 in 19 (9.6%), C7 in 6 (3.0%), C8in 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
had an ATS A, 4 had AIS B, and 2 had AIS C. The NLI was C2
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j 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
changes as “hematoma-like changes.” When
these changes were present, the level of the
d changes served as the level of injury on MRL.
3 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 level of
. injury on MRI. This patient’s level of injury on
MRI was “C5/6.” MRI indicates magnetic reson-
ance imaging.

in1patent,C3in 5,C4in15,C5in1and T1 in 1. The level
of injury on MRI scans was at C2/3 in 1 patient, at C3/4in 9,
at C4/5 in 7, at C5/6 in 5, 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,

UAGHE 1. Patients Demographic Data

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 NLI

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%)

Cé6 19 (9.6%) 0 19 (10.9%)

c7 6 (3.0%) 0 6 (3.4%)

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

T1 10 (5.0%) T (4.4%) 9 {5.1%)
Arterial blood gases

PO, {(mm Hg) 91.9£40.7 1041+£71.2 90.3 £34.9

PCO3(mm Hg) 38.3 5.1 399+5.4 38.1+5.0
IS8 21.44+10.6 31.74-18.9 20.148.2
Al indicates American Spinal Association impairment scale; IS5, injury severity score; NLI, neurological fevel of injury; SD, standard deviation.
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HIABE Level of Spmal Cord ln]ury and Hematoma-l.lke Changes on MRI

. , o ) Overall n= 199) , Tracheostomy = 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%) 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%)
Co6 4 (2.0%) 0 4 (2,3%)
Co6/7 24 (12.1%) 1 {4.4%) 23 {13.1%)
C7 1 {0.5%) 0 1 {0.5%)
C7/Ti 1 (0.5%) 0 1 {0.5%)

Hematoma-like changes on MR
+ 46 {23.1%) 17 (73.9%) 29 {16.5%)
— 153 (76.9%) 6 (26.1%) 147 {83.5%)

MRI indicates magnetic resonance imaging; SD, 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 {F=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 3).

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

TR{E S Demographic Data of Tracheostomy Patients’
Hematoma- PO2 on | PCO2 on
} T2 High | like changes | Admission | Admission

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

80 F C6 fracture dislocation A C4 C6/7 + 74.73 45.2 Trach collar
2 47 M C3 tear drop fracture T4 A T C3/4 - 80.9 36 Closed

fracture dislocation
3 49 M C5 burst fracture A C4 C5/6 + 66.7 41.8 Closed
4 64 M C4 fraciure dislocation A C4 C4/5 + 721 36.5 Trach collar
5 82 F C3 fraciure dislocation C C4 C3/4 + 145.7 45.1 Closed
6 84 M C4 fraciure 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 C5 fracture dislocation A C4 C5/6 + 116.9 37.4 Closed
9 ‘80 F (3 burst fracture B C4 C3/4 + 59.0 40.0 Closed
10 76 M C5 fracture dislocation A C4 C5/6 + 161.0 33.0 Trach collar
11 70 M €3 fracture dislocation A C3 C3/4 + 166.0 46,7 Mechanica) ventilation
12 51 M Mo 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 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 fracture 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/a + 127 35.7 Mechanical ventilation
20 85 F No 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 4 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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TARUE 4 Results of the Simple Logistic Regression Model

" OR - | 95% Confidence Intefval

S e N P Ok |
Age 0.0422 1.035 1.004-1.074"
1SS 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 (1) 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 0.508-3.004
Hematoma-like changes on MRI <0.0001 9.504 3.780-25.604"
Age, IS5, PO;, and PCO, were calculated by the continuous variable function unit odds ratio.
gcfx'sd ;‘nrc;ﬁstes American Spinal Association impairment scale; 155, injury severity score; MRI, magnetic resonance imaging; NLI, neurological level of injury; OR,
"P<0.05.

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, prieumonia, 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-CS {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
preumnonia.'®?® 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.

 UAHUE 8. 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.’>*¢ 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 require a
tracheostomy.®~#12171921.24 * Nymerous  studies  have
reported that performing a tracheostomy early on is useful
in reducing respiratory complications.®*!6~8 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 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

OR 95% Confidence Intetval

P
Age 0.0782 1.031 0.999-1.071
155 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 variablfe function unit odds ratio.
A(I]% indicates American Spinal Association impairment scale; IS5, injury severity score; MRI, magnetic resonance imaging; NLI, 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 CSCI.

Numerous studies have reported that complete paralysis
is a risk factor for intubation or a tracheostomy.®"
814,17.19-22.23 1) the current study, univariate analyses indi-
cated that AIS A was a risk factor for tracheostomy, whereas
multivariate analyses revealed no significant differences in
AIS 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 ai** stated
that assessment of the ISS is difficult in the acute phase of
trauma, and they recommended that the ISS not be used as a
predictor of tracheostomy.

No studies have indicated the relationship berween imag-
ing assessment and the need for a tracheostomy. The current
study 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
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 reflecied 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 a high level is
a predictor for tracheotomy.®12*21 Nerves innervating the
diaphragm originate at levels C3—CS5. The diaphragm is

UVABIEG, Resulis of the Multiple Logistic Regression Model in CSCI Patients Who Had NLI > C4 on

_Admission i ] - |
P OR 95% Confidence Interval
Age 0.1383 1.031 0.993-1.078
155 0.4848 1.016 0.974-1.066
Fracture or dislocation (+) 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"

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

Age and I55 were calculated by the continuous variable function unit odds ratio.
AlS indicates American Spinal Association impairment scale; CSCI, cervical spinal cord injury; 155, injury severity score; MRI, magnetic resonance imaging; NUI,
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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
the diaphragm, which is likely to result in the patien
respiratory status worsening.

of
t’s

Several studies have reported that the risk of tracheos-
tomy is related to age”'?; however, multivariate analyses

revealed no significant differences in patient age.
addition, this study found no significant differences
patient sex.

In
in

Studies have reported that the forced vital capacity upon

admission is correlated with the risk of tracheostomy,

7.9

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 resu

fts

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
relationship between bone injury or dislocation and the ri

a
sk

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 absernce of a vertebral

fracture or dislocation.

In the current study, multivariate analyses revealed sig-

nificant differences in terms of two items: an NLI C4
above and MRI scans revealing hematoma-like changes.
Multvariate-analyses revealed significant differences

or

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 at a single special facility, that is, the Spinal Injurjes
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 jeft 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
not the patient smoked.

or

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

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

£3 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: NL! 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, MRI scans revealing hematoma-like
changes do not change with spinal shock,
making these MRI findings an independent
indicator.

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

References

1.

Ellen MH, Stein AL, Tiina R, et al. Mortality after rraumaric spinal
cord injury: 50 years of follow-up. | Neurol Neurosurg Psychiatry
2010;81:368-73.

. Reines David H, Harris Robert C. Pulmonary complications of
acute spinal cord injuries. Neurosurgery 1987;21:193-6.

. Winslow C, Rozovsky ]. Effect of spinal cord injury on the
respiratory system. Am J Phys Med Rehabil 2003;82:803~-14.

. Nakajima A, Honda S, Yoshimura S, et al, The disease pattern and
causes of death of spinal cord injured patients in Japan. Paraplegia
1989;27:163-71.

. Sekhon LH, Fehlings MG. Epidemiology, demographics, and

pathophysiology of acute spinal cord injury. Spine 2001;26:

2-12.

. Comeo J], Sutton ER, McCunn M, et al. Characterizing the need for
mechanical ventilation following cervical spinal cord injury with
nenrologic deficic. J Trawma 2005;59:912-6.

. Yugue I, Okada S, Ueta T, et al. Analysis of the risk factors for
tracheostomy in traumatic cervical spinal cord injury. Spine
2012;37:E1633-8.

. Branco BC, Plurad D, Green DJ, et al. Incidence and clinical

predictors for tracheostomy after cervical spinal cord injury: a
national trauma darabank review. J Trawma 2011;70:111-5.

. Berney SC, Gordon IR, Opdam HI, et al. A classification and

regression tree to assist clinical making in airway management for

patients with cervical spinal cord injury. Spinal Cord 2011;49:
244-50,

May 2016

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

._4‘] -



N8N Cuinical Case SERiEs

10.
11.
12.

13.
14,

15.
le.
17.

18.
19.

20.

Study of Risk Factors for Tracheostomy in Patients With a CSCI » Tanaka et al

McMichan JC, Michel L, Westbrook PR. Pulmonary dysfunction
following traumatic quadriplegia. JAMA 1980;243:528-31.
Ledsome JR, Sharp JM. Pulmonary function in acute cervical cord
injury, A Rev Respir Dis 1981;124:41-4,

Harrop LS, Sharan AD, Scheid EH Jr, et al. Tracheostomy place-
ment in patients with complete cervical spinal cord injuries:
American Spinal Injury Association Grade A. J Newrosurg
2004;100:20-3.

Berly M, Shem K. Respirarory management during the first five days
after spinal cord injury. J Spinal Cord Medicine 2007;30:309-18.
Berney S, Bragge P, Granger C, et al. The acute respiratory
management of cervical spinal cord injury in the first 6 weeks
after injury: a systematic review, Spinal Cord 2011;49:17-29.
Biering-Sorensen M, Biering-Sorensen F. Tracheostomy in spinal
cord injured: frequency and follow up. Paraplegia 1992;30:656-60,
Perry AB. Critical care of spinal cord injury. Spine 2001;26:
§527-30.

Leclapattana P, Fleming JC, Gurr KR, et al. Predicting the need for
tracheostomy in patients with cervical spinal cord injury. J Trawma
Acute Care Surg 2012;73:880-4.

Romero J, Vari A, Gambarrutta C, et al. Tracheostomy timing in
traumatic spinal cord injury. Eur Spire J 2009;18:1452-7.
Nakashima H, Yukawa Y, Imagama S, et al. Characterizing the
need for tracheostomy placement and decannulation after cervical
spinal cord injury. Eur Spine ] 2013;22:1526-32.

Hassid V], Schinco MA, Tepas J], et al. Definitive establishment of
airway control is critical for optimal outcome in lower cervical
spinal cord injury. J Trawuma 2008;65:1328-32.

Spine

21,

22,

23.

24.
25.
26.

27.

28.

29.

30.

Velmahos GC, Toutouzas K, Chan L, et al. Intubation afrer
cervical spinal cord injury: ro be done selectively or routinely?
Am Surg 2003;69:892-4.

Cail MS, Kutcher ME, Izenberg RA, er al. Spinal cord injury:
outcomes of ventilator weaning and extubation. J Traumg
2011;71:1673-9.

Menaker J, Kufera JA, Glaser ], et al. Admission ASIA motor score
predicting the need for tracheostomy after cervical spinal cord
injury. J Trauma Acute Care Surg 2013;75:629-34,

Lemons VR, Wagner FV Jr. Respiratory complications after
cervical spinal cord injury. Spine 1994;15:2315-20.

Fujii H, Yone K, Sakou T. Magnetic resonance imaging study of
experimental acute spinal cord injury. Spine 1993;18:2030-4,
Ohshio I, Hatayama A, Kaneda K, et al. Correlation between
histopathologic features and magnetic resonance images of spinal
cord lesions. Spine 1993;18:1140-9.

Machino M, Yukawa Y, Ito K, et al. Can magnetic resonance
imaging reflect the prognosis in patients of cervical spinal cord
injury without radiographic abnormality? Spine 2011;36:
E1568-72.

Schaefer DM, Flanders AE, Osterholm JL, er al. Prognostic sig-
nificance of magnetic resonance imaging in the acute phase of
cervical spine injury. J Neurosurg 1992;76:218-23.

Bozzo A, Marcoux J, Radhakrishna M, et al. The role of magnetic
resonance imaging in the management of acute spinal cord injary.
J Neurotrauma 2011;28:1401-11.

Bradley WG Jr. MR appearance of hemorrhage in the brain.
Radiology 1993;18%:15-26,

www.spinejournal.com 771

Copyright © 2016 Wolters Kiuwer Health, Inc. Unauthorized reproduction of this article is prohibited.

_42_



ASIAN SPINE JOURNAL
b Gosnsy

Asian Spine J 2016;10(3):536-542 - hitp://dx.doi.org/10.4184/a5.2016.10.3.536

Clinical Influence of Cervical Spinal Canal
Stenosis on Neurological Outcome after
Traumatic Cervical Spinal Cord Injury
without Major Fracture or Dislocation

Tsuneaki Takao', Seiji Okada’, Yuichiro Morishita', Takeshi Maeda, Kensuke Kubota?, Ryosuke Ideta’,
Eiji Mori', Itaru Yugue', Osamu Kawano', Hiroaki Sakai, Takayoshi Ueta', Keiichiro Shiba'

'Department of Orthopaedic Surgery, Spinal Injuries Center, izuka, Japan
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Study Design: Retrospective case series.

Purpose: To clarify the influence of cervical spinal canal stenosis {CSCS) on neurological functional recovery after traumatic cervical
spinal cord injury (CSCI) without major fracture or dislocation

Overview of Literature: The biomechanical etiology 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-
ture or dislocation were selected. We analyzed 58 subjects with traumatic CSCI using T2-weighted mid-sagitta) magnetic resonance
imaging. The sagittal diameter of the cerebrospinal fluid (CSF) column, degree of canal stenosis, and neurclogic cutcomes in motor
function, including improvement rate, were assessed. .

Results: There were no significant relationships 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.
Conclusions: No relationships between pre-existing CSCS and neurological outcomes were evident after traumatic CSCL. These re-
sults suggest that decompression surgery might not be recommended for traumatic CSCl without major fracture or distocation despite
pre-existing CSCS.

Keywords: Cervical spinal canal stenosis; Cervical spinal cord injury without major fracture or dislocation; Magnetic resonance im-
aging; Neurological autcome

Introduction 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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ASIA, American Spinal Injuries Association,

spinal cord injury (SCI) without radiographical abnormal-
ity in adults (SCTWORA) [2-6], SCI without radiographi-
ca] 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, Traumnatic 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 CSCIL

The aims of the current study were to clarify the influ-
ence of spinal canal stenosis on neurclogical 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 tha non-
compression level and B is the diameter of the cervical
cord at the injured level.
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score (range, ¢ 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 neurological status and CSCS. p<0.05 was con-
sidered statistically significant.

Results

The average value of the sagittal diameters of the CSF cal-
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 ASTA 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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Fig. 2. The sagittal diameter of the cervical cerebrospinal fluid (CSF} column and American Spinal Injuries Association motor score

{A) at admission and {B} at discharge.
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Fig. 3. Sagittal diameter of the cervical cerebrospinal fiuid (CSF) column and the improvement rate according to the {A) subtraction

score and (B} improvement rate {%).
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Fig. 4. The rate of spinal cord stenosis and American Spinal Injuries Association motor score {A} at admission and (B} at dis-

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
stenosis and ASIA motor 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).

Discussion

The number of CSCI without major fracture or disloca-
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 recavery in the surgical and conserva-
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Fig. 5. The rate of spinal cord stenosis and the improvement rate according to the (A) subtraction score and (B} improvement rate {%).

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 unreasonable, 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 instantaneous dynamic sténosis
would most significantly affect the neurclogical 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 outcome 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 neurological outcomes after traumatic CSCL
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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“Knee-up test” for easy detection of postoperative motor deficits
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Abstract BACKGROUND CONTEXT: Neurologic motor deficit is a serious complication of spinal surgery.

Early diagnosis of complications by neurologic 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 Jeast 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: Seventcen patients exhibited positive resulis 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-onset 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 99.6, respectively.

CONCLUSIONS: The knee-up test may allow for early and easy detection of postoperative motor
deficits with high probability in very early stages. © 2016 Elsevier Inc. All rights reserved.

Keywords: Clinical evaluation; Diagnosis method; Neurologic deficits; Postoperative complication; Spinal Injures Center

test; Spinal surgery
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Introduction

Neurologic complications immediately after spinal surgery
present a serious problem for both patients and spinal sur-
geons [1]. Previous studies have reported that the incidence
of significant perioperative spinal cord or cauda 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 eatly 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
all patients before enrollment 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 counld 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 preoperative inability to sustain the lifted posi-
tion as a result of severe paralysis. The remaining 538 patients
(324 men, 214 women) were selected for inclusion 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 (I'Y and MM) who were blinded
to the results obtained by the other observer. When the results
obtained 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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¥ All had severe motor
deficits preoperatively
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v
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In 2 patients
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in 519 patlents

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
results of the knee-up test, The functional strength of each
muscle was graded on a six-point scale as follows: (=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 5=(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 tesl is to lift the knee until it is in maximally fiexed. (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 o maintain the knee upright in both sides, the knee-up test is negative. (E) Applying the knee-up lest to both Jegs 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

_5 3_

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 results
were determined 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-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, 99.81, 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 resulis (Table 2). Interestingly,
patients whose lesions were below the L3-1.4 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 intrameduilary thoracic spinal cord tumor
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 neurologic 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 63% 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).

_54_

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). Arnatomically, the hip flexors are inner-
vated by the L1-L4 nerve roots, whereas the hip adductors
are innervated by the L2-L4 nerve roots, and the hip abdue-
tors are innervated by the L4-S82 nerve roots [25], indicating
that results of the knee-up test may be influenced 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-L.4. 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 OA; thus,
it is necessary to evaluate the results of the test carefully. 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 neurclogic
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 0.0359* 284 1.18-162506
Hip adductors 0.0168* 3754 1.75~37852
Hip abductors 0.0424* 43.2 1.08-11666191
Knee extensors 0.6078 0.53 0.001-4.98
Ankle dorsiflexors 0.3550 0.36 0.0009-2.56
Ankle plantar fexors 0.1383 0.;m 0.0001-2.06

* p<.005.

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 evaluating 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
neurclogic condition after the operation. On the other hand,
when patients can maintain the knee-up position, in over 99%
of cases, they have no severe motor deficit.
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PriMARY RESEARCH

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 L4-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 1.4-5 PLF.
We defined the changes in the ratio of local pressure between
lumbar fiexion 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 precperative 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, posteroinferior margin of the superior
vertebral body, the intervertebral 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.3 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.»6 The S1 DRG, found in a more cephalad or in-
traspinal location, is larger than the lumbar DRG. The
L4 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 meoerphologic evaluation of the lumbar foramen.
However, to the best of our knowledge, the physiological
state of lumbosacral nerve roots in the vertebral foramen
has been described in only a few reports. We previously

www.clinicalspinesurgery.com | 1
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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 LS nerve roots, as evaluated from the compound
muscle activation potentials from the tibialis anterior
muscle after L5 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 lumbar 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
L3-4 segments (8 men and 13 women; average age, 66.0y;
age range, 47-79y) 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-S 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
catheter 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 equilibrium 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 L5-8 vertebral foraminal pressures were measured.
Although for the subjects treated with laminotomy at
only L4-5 segment, the L5-§ vertebral foraminal pressure
was measured, The catheter transducer was inserted from
the decompressed segments (L3-4 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

2 | www.clinicalspinesurgery.com

FIGURE 1. The vertical and sagittal dimensions of the lumbar
foramen. (1) The distance between infetior 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—local pressure with neutral)/(local pres-
sure with neutral)} 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 *** 56,07+ 23 79.66 = 69.18
: ok

After fixation 40371921 NS 4232£1872 7.07+102

N8 indicates not significant.
P o< 0,001,

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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Lumbosacral Nerve Roots in the Vertebral Foramen

TABLE 2. The Average Values of Local Pressure of L5-S
Vertebral Foramen

Nentral Extension % Pressure
Before fixation 2541 17.8 *** 4073+ 2805 138.05+ 159.34
NS
After fixation 2507 £ 16.83 *** 5496+ 34.24 153.82 + 205.5

NS indicates not significant.
e p < (.001.

Lumbar Spine Range of Motion (ROM)

Using functional plain radiographs in the sagitial
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 middle 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 = 36; including 26 L4-5 and 30 L5-S fora-
mens) with lnmbar spine flexion and extension before L4-
5 PLF were 29.31 £ 17.3mm Hg and 53.68 + 25.8mm
Hg, respectively. The average local pressure significantly
increased during lumbar spine extension (2 < 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 L4-5
PLF, but were nearly identical after PLF. The percent
pressure before and after 14-5 PLF was significantly
different.

The average local pressures of the intervertebral
foramen at the L5-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 PLF;
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 =042, 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

15 1
* L ]
. -
-
10 4 » L]
L L4 * e
L4
- " L)
.: * & 2 =
= § 4 [} L)
g > = »
« * » L)
-e »
L I ] LJ .
r 1 > o r \
(200) t o @9 00 400 600 ®00
. * pereent pressure {%a)

{5) °

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-

destance (num}

full color

poiin

phologic parameter of the lumbar foraminen (P = 0.2,
r=—017, P=036, r= -0.13; P=0.14, r= -0.2;
P =0.24, 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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Lumbosacral Nerve Roots in the Vertebral Foramen
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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 bedy 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 al'? 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
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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 symptomatelogy.
Mayoux-Benhamou et al!? reported that all diam-
eters of the lumbar vertebral foramens decreased as the
spine moved from flexion to extension. Inufusa et al™
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.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

www.clinicalspinesurgery.com | 5

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

_62_



Morishita et al

Clin Spine Surg » Volume 00, Number 00, B M 2016

normally occupy ~30% of the available foraminal
area.!S 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.®?
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 vertebral
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 neurclogical 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 intervertebral 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 lumbar 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.clinicalspinesurgery.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

Asuka Desroches, MD* Yuichiro Morishita, MD, PhD,} Itaru Yugue, MD, PhD,
Takeshi Maeda, MD, PhD,} Charles-Henri Flouzat-Lachaniette, MD,*
Philippe Hernigou, MD, PhD,* and Keiichiro Shiba, MD, PhDT

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
occipitoatiantoaxial 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 (0e~Cl, C1-C2, C2-C3, C3-C4, C4-C5,
C3-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 O¢-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~Cl and C1-C2
segments had significanily 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 cervical
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, O¢-C2, C2-C7

(Clin Spine Surg 2016;00:000-000)

Cervica] 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 stencsis. 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 regported the
kinematic effects of cervical laminoplasty.#7~13 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
stody 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: continuous 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.1* 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: Qc-Cl,
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); CI-C2,
the angle between C1 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 laminoplasty at C3-Cé and

C7 dome osteotomy. The hydroxyapatite blocks were placed
as a strut to maintain the patency of the hinged hemilaminae.

inferior vertebrai body (Fig. 2). We defined the total
sagittal motion of the cervical spine as the absolute total
of the individual sagittal angular motions (Qc—C1 4 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.”'¢'8 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 one 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.” 1! Loss of lordosis occurs after laminoplasty
in 10%-30% 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.?>** 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 1yt 4543 & 11.5%* 19.66 £ 7.25 (NS) 25.49 £ 10.09***
Postoperative 3y 44,08 + 12,17 21.37 £ 6.73 22,62 £11.26

The Mann-Whitney U test,

*P < 0.05

**p <001

*%»p < 0.001.

4Comparcd with preoperative and postoperative 1 year.
{Compated with preoperalive and postoperative 3 years.
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TABLE 2. The Average Values of Percent Segmental Mobility at Preoperatively, 1 Year, and 3 years Postoperatively

Postoperative [y}
Postoperative 3y

Preoperativet
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The Mann-Whitney U test,

*P < 0.05
=P <00l

=*p < 0.001.

fCompared with preoperative and postoperative 1 year.

$Comparcd with preoperative and postoperative 3 ycars.

management of postoperative neck pain for 1 week after
surgery. In our study, the C2-C7 sagittal angular mobility
significantly decreased within 3 years postoperatively;
however, >70% of the preoperative cervical mobility was
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.
We presume that early removal of the cervical collar and
early cervical ROM exercises prevented contraction of the
facet joint and postoperative atrophy and dysfunction of
the extensor musculature of the cervical spine.

With respect to postoperative QOc-C2 mobility,
Chiba et al® reported that the average sag1ttal mobility
slightly increased from 22 to 28 degrees in patients with
CSM. They discussed that the severe reduction (32%) of
C2-C7 sagittal mobility due to laminar fusions were
compensated to some degree by the increase in sagittal
mobility of the upper cervical spine, resulting in only
mmor disturbances in activities of daily living. Hayashi
et al?> demonstrated that the Oc—Cl segment of the upper
cervical spine plays an important role in compensating for
decreased sagittal subaxial cervical spinal motion. In our
study, preoperative Oc-C2 angular mobility was 19.85
degrees, which remained almost identical over the first 3
years postoperatively. We hypothesized that due to the
relatively preserved C2-C7 sagittal mobility, compensa-
tory mobility changes may not have occurred at the upper
cervical spine.

The cervical angular mobility for each segment is
unreliable for evaluating a patient’s cervical kinematics
because these values depend on the patient’s condition,
that is, axial pain, or a radiologist. Therefore, we believe
that the contribution of each cervical segment’s mobility
to the total mobility of the cervical spine is the most re-
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
postoperative year. Cervical kinematics were not affected
by cervical laminoplasty at 1 year postoperatively. How-
ever, at 3 years postoperatively, percent segmental mo-
bility at the C3-C4 and C5-C6 segments had significantly
decreased, and that at the Oc~Cl and C1-C2 segments
had significantly increased. Therefore, there may be no
compensatory mobility changes but rather compensatory
kinematic changes that occur at the occipitoatlantoaxial
junction. Our results suggest that although the contrib-
ution of occipitoatlantoaxial junctional mebility to total
cervical mobility increases, dynamic mechanical stresses
to the occipitoatlantoaxial junction do not increase, and
ne adjacent segmental disorder at the occipitoatlantoaxial
Junction was observed within 3 years postoperatively. We
hypothesized that early removal of the cervical collar and
early cervical ROM exercise may have contributed to
these kinematic changes.

Certain issues remain unaddressed in the current
study. Our study only addressed the radiographic factors
during a mid-term postoperative period and did not ad-
dress clinical symptoms. Therefore, using the current in-
vestigation as a pilot study, further research using a larger
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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

lLumbar 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 igament 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 siress group was significantly increased in
comparison to the contro! group. In addition, there were significant increases in the area of
collagen fibers, the numnber 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 hyperirophy 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 ligamentum 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 LE
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-g1 (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 causative or merely a consequence of LF
hypertrophy remains unknown. Therefore, basic research using an experimental animal
model is necessary to elucidate its etiology.

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 i# vivo stud-
ies directly demonstrating that mechanical stress induces LF hypertrophy.

In this study, we established a LF hypertrophy mouse model using a 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-EGFP transgenic mice were used in
this study (Japan SLC, Shizuoka, Japan). All mice were housed in a 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 mgfkg, 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 sucrase solution. The sample was then embedded
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into OCT compound, frozen in liquid nitrogen, and cut into 10-pm 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 {COL14A1; 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
33342 (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 107 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 Jumbar paraspinal muscles 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
23.9 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 um 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 previously 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-immnunepositive cells in the axial sections
at the L5-L16 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 (qQRT-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 i 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 guantitative reverse transcription polymerase chain reaction.
Gene (Accession Number) 5’- Primer -3°
COL1A1 (NM_007742.3) Forward ARCCCTGGAMACAGACGAACAACE
Reverse TGGTCACGTTCAGTTGGTCAARGG
COL1A2 (NM_007743.2) Forward ATCCAACTAAGTCTCCTCCLTTGE
Reverse CTCTGTGGRAAGATAGTCAGAAGCC
COL3A1 {(NM_008930.2) Forward TAAAGAAGTCTCTGAAGCTGATGE
Reverse ATCTATGATGGGTAGTCTCATTGE
TNF-a (NM_013693.2) Forward TTATGGCTCAGGGTCCAACTCTGT
Reverse TGGACATTCGASGCTCCAGTGART
IL-1B (NM_013693.2) Forward GGGCTGGACTGTTTCTARTGCCTT
Reverse CCATCAGAGGCAAGGAGGAAAACA
IL-6 (NM_013693.2) Forward GCTCTCCTARCAGATAAGCTGGAG
Reverse CCACAGTGAGGAATGTCCACAAAC
CTGF (NM_010217.2) Forward GGCCATACRAGTAGTCTGTCAACC
Reverse CACTCCAAARAGTAGGCACACTGC
PDGF-A {NM_008808.3) Forward AGACAGATGTGAGSTGAGATGAGE
Reverse ACGGAGGAGAACARAGACCGCALG
TGF-B1 (NM_011577.1) Forward TGGACACACAGTACAGCAAGGTCC
Reverse ATCATGTTGGACAACTGCTCCACT
VEGF-A (NM_001025257.3) Forward CGGAGGCAGAGAAAAGAGARLAGTG
Reverse GGGAGAGAGAGATTGGRAACACAG
MMP-2 (NM_008610.2) Forward CCTGGTGACTTCAGATTTARGAGS
Reverse GATGTTGAAGAACCAGAAGAGTGS
MMP-8 (NM_013599.3) Forward CTGGTGATCTCTTCTAGAGACTGS
Reverse ATGCATCTGCAACTACAGATARGE
GAPDH {(NM_004503) Forward GACTTCAACAGCAACTCCCACTCT
Reverse SGETTTCTTACTCCTTGGAGGCCAT

COL1A1 indicates collagen type 1 alpha 1; COL1A2, collagen type 1 alpha 2; COL3A1, cellagen type 3 alpha 1; TNF-q, tumor necrosis factor-ot; IL-18,
interteukin-1g; IL-6, interleukin-6; CTGF, connective tissue growih factor; PDGF-A, platelet-derived growth factor-A; TGF-B1, transforming growth factor-
Bt; VEGF-A, vascular endothelial cell growth factor-A; MMP-2, matrix metalloproteinase-2; MMP-8, matrix metaflopreteinase-9; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.

doi:10.1371/journal pone.0 169717 1001
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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 area, 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
setat 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 [oading 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 demanstrated 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 LE 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 lgading device. The
application of machanical stress to the mouse LF using a novel device. (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 stress 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; [AP, inferior articular process; La, lamina,

doi:10.1371/journal.pone.0168717.g001

the contrel 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
hurman 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 sections of the mouse LF with/without
12-week mechanical stress loading on EVIG 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 fibers to elastic fibers in the two groups.
Scale bars {A): 500 pim; insets: 50 um; (D and E): 10 pm. *p < 0.05, Wilcoxon's rank sum test, n.s. =not
significant (n = 5/group).

d0i:10.1371/journal.pone.0169717.9002
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doi:10.1371/journal.pone.0169717.g003
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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 mouse 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-e;, interleukin-1B, 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-p1 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 hoc test (n = 10/group). (C-F) The comparison of the number of cells (Hoechst, blug), infiltrating
BMDCs (EGFP, green), and proliferating ceils {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, Wilcexon's rank sum test (n = 5/group). Scale bars (A):

100 pm; {C and E): 100 pym; insets: 10 gm.

doi:10.1371/journal.pone.0169717.0004

Micro-injury-induced macrophage infiliration and collagen accumulation
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-Bl 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-positive macro-
phages had infiltrated around the injured lesion (Fig 6A). Notably, a QRT-PCR analysis
revealed the gene expression of collagens and fibrosis-related growth factors, including TGE-
Bl, 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-related 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 loading 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, interleukin; CTGF, connective tissue growth factor; PDGF-A, platelet-derived growth factor-A;

TGF-B1, transforming growth factor-B1; VEGF-A, vascular endothelial cell growih factor-A; MMP, matrix
metalloproteinase.

doi:10.1371/journal. pane.t169717.0005

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-Bl. 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 hypertrophy 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-P1 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 fibrosis [28]. In addition, in severely hypertrophied LF of humans, macrophage infiltra-
tion was observed in the collagen deposition area with increased TGF-BI expression [21].
In the development of a LF hypertrophy mouse model, we hypothesized that consecutive
mechanical stress would induce macrophage infiltration and increased TGF-pl 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-P1 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 TGE-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-pl1.
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Fig 6. The influence of macrephage infiltration following micro-injury on the mouse LF. (A) The
presence of infiltrating macrophages (Iba1, green) and necvascular vessels {laminin, red) in the mouse LF
with/withott micro-injury. (B-D) Bar graphs showing the gene expression of collagens, fibrosis-related growth
factors, and angiogenesis-related facters 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 micro-injury. The black broken lines indicate the outlines of the LF. The
aslerisk indicates the area to which micro-injury was applied. *p < 0.05, Wilcoxon’s rank sum test (n = 5/
group). Scale bars (A): 50 ym; insets: 20 wm; (E): 20 pm; (F) 200 pm. COL1 AT, collagen type 1 alpha 1; TGF-
21, transtorming growth factor-B1; 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.g006

Another characteristic of human hypertrophied LF is angiogenesis. While the normal LF is
non-vascularized, marked angiogenesis was cbserved 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-f1 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 60). 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 histclogical 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 LF tear and the
sample could not be analyzed. In addition to this limitation, our mechanical stress mouse
mode} cannot be used to develop an LSCS model because the ratio of the LF to the dural 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,
atleast 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-B1 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 (AlS) surgery. The effects of
multilevel facetectomy and screw density on postoperative changes in spinal rod contour
have not been documented. This siudy aimed to evaluate the effects of multilevel facetect-
omy and screw density on changes in spinai 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 AIS (n = 49) were traced prior to insertion.
Postoperative sagittal rod shape was detefmined 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 A8 at the 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 AB at the concave side >14°
significantly correlated with the postoperative TK angle (P = 0.003), the number of facetact-
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 the 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.
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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 adelescent idiopathic
scoliosis (AIS), because these patients typically have a hypokyphotic thoracic spine compared
with nonscoliosis patients [1]. Currently, posterior segmental pedicle screw (P$) 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 ATS [1].

To overcome these issues, Ito etal. [6] and Sudo et al. [7-9] recently developed a very simple
surgical technique called the simultaneous double-rod rotation technique (SDRRT) for correct-
ing AIS. In this technique, two rods are connected to 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 rods 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 fernale) with Lenke type 1 or type 2 AIS curves who under-
went posterior thoracic curve correction between June 2609 and April 2016 were evaluated at
our institution. Exclusion criteria included syndromic, neuromuscular, and congenital scoliosis
and the presence of other 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 muitiple
parameters before and at the 2-week follow-up, Coronal and sagittal Cobb 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 hooks in the
instrumented level was not counted.
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Table 1. Disease characteristics and clinical features of the subjects,

Mean * standard deviation Range
Body mass index {kg/m?) 18.8+2.4 12.4t024.2
Risser slgn (grade) 3.9+1.1 1t05
Preoperative main thoracic Cobb angle (%) 59.6+£10.2 4610 88
Postoperative main thoracle Cobb angle (°) 13.3+7.3 11036
Preoperative thoracic kyphosis angle (%) 11.7£7.8 -4t0 34
Postoperative thoracie kyphosis angle (°) 21.1+6.3 7033
Number of vertebrae in fusion (no.) 108+1.6 7to14
Number of facetectomy levels (no.) 8.5+3.4 0to12
Secrew density at concave side (no. of screws / level Instrumented) 0.89+0.14 05101
Screw dansity at convex side {no. of screws / level instrumented}) 0.80+0.16 04101

doi:10.1371fournal.pone.0161906.6601

Surgical Technique

Six-millimeter diameter titanium-alloy implant rods and polyaxial PSs (USS IT Pelyaxial,
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 pelyax-
ial 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 Systetns 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 (A®)
was defined as the difference between 81 and 82 (81-82). The angles 01, 62, 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 implantation, the surgeon traced the rod
shapes on paper. The angle between the proximal and distal tangential line was measured (81). (B)

Postoperative Implant rod geometry {82} was obtained after the surgical operation using computed
tomography.

dei:10.1371fournal.pone.0164906.9001

Statistical Analysis

Bivariate statistical analysis was performed between the change in TK (postoperative TK-pre-
operative TK) and the AD 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 AD 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 summarized in Table 1. On average, 10.8 % 1.6 vertebrae were
instrumented in the 49 patients. The average preoperative MT curve was 52.5° & 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 81 and postoperative 82 implant rod angle of curvatures at the concave
and convex sides of the deformity are listed in Table 2.

The 82 was significantly lower than the 01 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 A at the concave side: Risser sign (P = 0.032), the preoperative MT 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 F test = 7.05, RZ = 0.50, P = 0.0001)
(Table 3).

Conversely, for A8 at the convex side, 3 variables emerged as predictors: the number of ver-
tebrae in fusion (standardized = -0.596, P = 0.0003), the number of facetectomy levels (stan-
dardized p = 0.578, P = 0.0006), and the Risser sign (standardized B = -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 AB affects postoperative TK, the total cohort was then divided into 2
groups on the basis of the mean AB at the concave side. The A8 > 14° group was defined by A8
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 AS > 14°, A at the con-
cave side had significant correlation with the postoperative TK angle (r = —0.5%0, 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 22310665
Preoperative rod angle (81) at convex side (°) 38.419.5 19.51069.9
Postoperative rod angle (62) at concave side (%) 28.2+9.1 9.21048.5
Postoperative rod angle {62) at convex side (%) 34.1+8.2 15.01055.8
Rod deformation {A8) at concave side (%) 13.6+7.5 ~ |-0.3to 365
Rod deformation {A8) at convex side (°) 4.3+4.8 6.8t 17.8
doiz10.1371fournal. pone.0161906.1002
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(A) Implant rod at the concave side
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Table 3. Associations between various factors and rod deformation at the concave side (*) using muitiple stepwise linear regression analysis.

Regression Standard 95% Confidence t Standardized g (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 (0.085, 0.436) 3.14 0.362 0.031
Preoperative thoracic kypohosis angle(®) -0.279 0.108 (-0.494, -0.064) -2.62 -0.292 0.012
Number of facetectomy levels (no.) -0.716 0.253 (-1.225,-0.206) -2.83 -0.325 0.007
Screw density at convex side (no, of screws / level 10.372 5.205 (-0.133, 20.876) 1.9 0.223 0.053
instrumented)

P < 0.05 was considered statistically significant

doi: 10,1371 foumal.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 i vivo deforming forces. Similarly, Salmingo
et al. [16] reported that implant reds at the concave side were significantly deformed after sur-
gery, whereas rods at the convex side had no significant deformation. Abe et al. [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 (keg/m?) 186125 13.11023.4
Risser sign {grade) 40£09 1{05
Preoperative main thoracic Cobb angle (°) 61.7+11.7 461088
Posloparative main thoracic Cobb angle {%) 14.0+6.3 11027
Preoperative thoracic kyphosis angle {(°) 76455 -41023
Posioperative thoracic kyphosis angle (%) 19.6 £6.0 71033
Number of vertebrae in fusicn {no.) 105+1.6 71013
Number of facetectomy levels {no.) 5.6+3.4 0to 11
Screw density at concave side (no. of screws / level instrumented) 0.89+£0.15 0.56t0 1
Serew density at convex side (no. of screws / level instrumented) 0.84+0.15 0.5t01
Preoperative rod angle (61) at concave side (°) 43.4+8.0 28.6t0 €6.6
Preoperative rod angle (61) at convex sids (°) 37.9+11.3 19.510 68.9
Postoperative rod angle (82) at concave side () 23.7+9.6 9.21048.5
Postoperative rod angle (62) at convex side (%) 325£9.3 15.010 55.8
Rod deformation (AB) at concave side (°) 19.7+5.3 14.11036.5
Rod deformation {A8) at convex side (°) 55+6.0 -68.81017.8
dei=10.1371/joumal.pone,01619086.1004
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Table 5. Correlation analysis between rod deformation and variable in patients with rod deformation >14 ° atihe concave side.

Pearson's correlation coefficients
Variable Correlation coefficient 95% Cl Statlstical significance
Age at surgery (yrs) r=-0.017 (-0.398, 0.427) P=0.937
Body mass index (kg/m?) r=-0.207 (-0.570, 0.225) P=0.344
Risser sign (grads) r=-0.084 (-0.479, 0.340) P=0.705
Preoperative main thoracic Cobb angle (%) r=0.142 (-0.287, 0.524) P=0518
Postoperative main thoracic Cobb angle {*) r=0.396 (-0.019, 0.695) P =0.061
Preoperative thoracic kyphosis angle () r=-0.286 (-0.625, 0.143) P=0.186
Postoperative thoracic kyphosis angle (%) r=-0.580 {-0.806, -0.235) P=0.003
Nurber of vertebrae in fusion (no.) r=-0.324 (-0.649, 0.102) P=0.132
Number of facetectomy levels {(no.) r=-0.479 {-0.744, -0.083) P=0.021
Screw density at concave slde (no. of screws / level instrumented) r=-0.537 (-0.777,-0.180) 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 (A8) at convex side (%) r=0.014 (-0.424, 0.400) P=0.948

P < 0.05 was considered statistically significant

doi:10.1371fjoumal.pene.0161906.1005

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 celumn [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 facetectomy levels, indicating that multilevel 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 preoperative 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 resteration 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 1 and 2
curves. Conversely, Lin 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 hypokyphaotic tho-
racic spines. Their results indicate that screw density at the concave side has an impact not
only 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 coneave 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 precperative hypokyphotic thoracic spines, increasing screw density at the concave side is
important for optimizing postoperative TK.

There were limitations to this study. First, we evaluated deformity surgery with the use of
titanium rods, The module of elasticity of the titanium alloy is much Jess 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 andfor 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 io several spinal diseases, its
pathogenesis remains unclear. This study aimed to create a new histological classification
applicable to an in vivo mouse intervertebral disc 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. Our histologi-
cal classification scores correlated well with the findings of magnetic rescnance 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 ventral region.

Introduction

Human intervertebral disc (IVD)} degeneration is 2 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-
tes, has been conducted using various animal models: 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, a 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 in 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 x 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 recovery
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-being
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 lumbar 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 through 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 Ib). 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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Axial Sagittal Coronal

b
Central
Yentral Dorsal
Ventral Dorsal Mid-
sagittal
diameter g

Fig 1. The locatlon of a needle in the intervertebral disc was evaluated using micro-computed
tomography scanning. (a) The punctured region was confirmed by multiptanar raconstruction views, {b)
The punctured region was defined as the ventral (V), central (C}, or dorsal (D) region.

doit10.1371/journal pone.0160486.5001

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; Varian 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. Qur 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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doi:10,1371/journal. pene.0160486.g002

The number of mice for each needle size and time point were as follows; ten for the I-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-weel, 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 stratified according to sex in each time point of the 35G group were as follows:
1-weel: female, 5; male, 5; 2 weeks: female, 10; male, 4; 4 weeks: female, 7; male, 4; 8 weeks:
female, 5; male, 5; 12 weeks: fernale, 5; male, 5; for the 33G group: 1 week: female, 5; male, 5; 2
weeks: female, 1, male, 9; 4 weeks: female, 6; male, 5; 8 weeks: female, 5; male, 5; 12 weeks; female,
3; male, 7. For each time point there were four sham operations (female, 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.

Resulis

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
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Fig 3. The flowchart of the experiment indicating the time course and the case number. V, ventral region; C, central

reglon; D, dorsal region,

dol:10.1371/journal.pone.0160486.9003

scores. The score distribution of the classification by Masuda et al. [11] did not show normality,
with a skewness (Sk) 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

: i 8 . i é ; H
i P 6 ot 8 ol
10 | al 4 . A ;
9 o P ink 6 N
8 juy 3 (T 4 M 4 Tlal |
7 o 2 . e (¥

il L] 2 P 2 A
: i L | H R . T
4 Pl 07 i 0! p- ; P

Masuda et al.
(full score 12)

Nishimura et al. Yang et al. Our classification
{full score 5) (full score 8) (full score 10)
Fig 4. The comparison of the histological classifications. 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:10.1371/jjournal.pone.0160486.9004
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normality, given that their Sk and kurtosis (Ku) were less than 1.00 (Sk = 0.97, Ku = 0.66 by
Nishimura et al. [22], Sk = -0.69, Ku = -0.96 by Yang et al. [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 MR! 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 3).

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 1VDs

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 ontcomes (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

0.2

T

8 10

-
o
=%
o

Our classification score

Fig 5. Correlation analysis between our histological score and MR! 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 sach region,

40i:10.1371journal pone.0160486.9005
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Table 1. Multiple regression analysis to identify significant variable for the degenerative intervertebral
dises,

Punctured region Time point
35G
Pfirrmann grade <0.01* 0.99
MRI index <0.01* 0.03%*
Classitication by us 0.04* 0.20
3G
Plirmann grade <0.01* 0.34
MRIindex <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.

dol: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 deterrnine whether the postoperative time point was significant variable
for NP scare 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 IVD 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 L4/5 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 interveriebral disc degeneration compared to the control.

Central region Dorsal region Ventral region
35G
Pfirrmann grade > Control* > Control * = Controi
MBI index < Control * < Control * < Control
Qur classification score > Control * > Control * > Control *
333G
Pfirmann grade > Control * > Contral * > Control
MRI index < Cantro| * < Control * < Gontrol
Qur classification score > Control * > Control * > Control *
*p < 0.05.
doi:10.1371journak.pone 0160486,1002
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Conftrol

Central Dorsal

33G

35G

Fig 6. Punctured region and Intervertebral disc degeneration, Representative magnetic resonancs imaging and
histological images at four weeks after punciuring with 35- and 33-gauge needles.

doi:10.1371foumal. pone.0160486.5006

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 calculated 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 MR and histological 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 vive mouse IVD degeneration model induced by
needle puncture is needed. There may be a criticism that the IVD of a quadruped animal was
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Fig 7. The mid-sagittal slice of the lumbar intervertebral disc (IVD). The nucleus pulpasus (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 NF 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 diffsrence in width between the average ventral (28%) and the average dorsal AF (15%):
the ventral site of AF is thicker compared o the dorsal site.

doit10.1371/journal.pone.0160486.0007

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 disc degeneration and needle size.

35G 33G P
Pfirrmann grade
1-wesk 2.50£0.71 37121114 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%
B-week 2.50+ 0,85 4,60+ 0.70 <0.01*
12-week 2.50 £ 0.93 4,22+0.83 <0.01*
MRlindex
1-wesk 0.71£0.14 0.47 £ 0.11 <0.01*
2-week 0.54 £ 0.23 . 0.34 +0.09 0.01*
4-week 0.62£0.29 0.34+0.09 0.04*
B-week 0.51£017 0.34+0.15 0.02*
12-week 0.49 £ 0.20 034+ 0.0 0.08
Ventral puncture data were removed from groups.
*Statistically significant.
doi:10,1371journal pone.0160486 1003
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Table 4, Intervertebral disc degeneration and needle size.

35G 33G P
Our classification score ]
1-waek 5.10+1.91 486157 0.73
2-week 4.15+1.82 6.30:2.83 0.08
4-week 4.00+3.00 6.70x2.54 0.11
S-weok 5.20+ 2.66 7.304£1.25 0.05%
12-week 2.88+1.73 7.11£1.69 <0.01*

Ventral puncture data were removed from groups.

*Statistically significant.

dei:10,1371fournal. pane.01 60486.4004

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/S1), 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 otiginal 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], scares 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 IV 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,
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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/biclogical reasons, the degenerative change in the IVDs punctured through the
ventral region was significantly milder compared to those of the IVDs 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 IVD 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 drastically 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 any 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 flucroscopy 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 screw density on deformity correction, espectally thoracic kyphosis (TK) restoration in adoles-
cent idiopathic scoliosis (AIS) surgery.

PURPOSE: This study aimed 1o evaluate the effects of multilevel facetectomy and screw density
on sagittal plane correction in patients with main thoracic (MT) AIS curve.

STUDY DESIGN: A retrospective 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 I AIS treated with posteri-
ot 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 stody.

METHODS: Multiple stepwise lincar regression analysis was conducted between change in TK (T5-
T12) and the following factors: age at surgery, Risser sign, number of facetectomy level, serew 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 preoperalive TK below the mean degree of TK. for the entire cohort (<15®) and the TK215°
group, defined by preoperative TK above the mean degree of kyphosis (215%). Independent saniple
f tests were used to compare demographic data as well as radiographic outcomes between the two
groups. There were no study-specific biases related to conflicts 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 <15° group showed significant correlation between change in TK and number of facetectomy
level (r=0.492, p=.002). Similarly, significant comelation was found between change in TK and screw
density (1=0.333, p=.047). Conversely, in the TK 215° group, correlation was found neither between
change in TK and number of facetectomy level (r=0.047, p=.812), nor with screw density (r=0.030,
p=.880). Furthermore, in patients with preoperative 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).
FDA device/drug status: Approved (USS 1T Polyaxial). * Comesponding author. Department of Advanced Medicine for Spine
Author disclosures: HS: Nothing to disclose. ¥4: Nothing to disclose. and Spinal Cord Disorders, Hokkaido University Graduate School of
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CONCLUSIONS: 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 correct hypokyphosis. © 2016

Elsevier Inc. All rights reserved,

Keywonds:
Screw density; Thoracic kyphosis

Adolescent idiopathic scoliosis; Facetectomy; Lenke type 1 scoliosis; Posterior spinal comrection 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 cause 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 technique
called the simultaneous double-rod rotation technique
(SDRRT) for correcting ATS. 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-
ittat 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 AIS 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-
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went posterior MT curve correction using SDRRT with a
minimum 2-year follow-up from June 2008 to September 2015
at our instimtion. Exclusion criteria included syndromic (n=14),
neuromuscilar (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, 10-20j 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 technigque

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 a 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 rod-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 characleristics and clinical features of the subjecis

Meantstandard

deviation Range
Age at surgery (y} 14.842.3 1010 20
Risser sign (grade) 3.6%14 D15
No. vertebrae in fusion 10.2£1.5 Two 13
Screw density {no. of screws/level 1.740.2 0702

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 (%) 723890 551092
Preoperative thoracic kyphosis (T5~T'12) (*)  14.0+9.6 —4 10 55
Postoperative thoracic kyphosis (T5-T12) (°) 23.145.3 131030
Change in thoracic kyphosis (T5-T12} (°) 9.1+8.9 —3lt024
Preoperative lumbar lordosis (L1-51) (°) 51.5+11.7 191075
Postoperative lumbar lordosis (L1-S1} (°) 5321493 24 t0 70
Change in lumbar lordosis (LL1-81) (*} 1.34£8.9 ~-2010 32
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Statistical analysis

All data are expressed as meantstandard deviation. Mul-
tiple stepwise linear regression analysis was applied to contrg]
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 ¢ 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.

Results

Demographic data are summarized in Table 1. On average,
10.2 vertebrae were instrumented in the 64 patients. The
average screw density was [.7. The average preoperative 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 24°), 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 level 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 factors and change in thoracic kyphosis (%) using multiple stepwise linear regression analysis

Regression Standard 95% Confidence Standardjzed

coefficient erTor interval t 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 1763
Number of facetectomy level {no.) 0.668 0.212 (0.239, 1.097) 3.15 02116 003
Serew density (no. of screws/level instrumented) —2.120 3.349 (—B.888, 4.649) ~0.63 -0.043 530
Preoperative main thoracic Cobb (%) —0.067 0.071 (-0.2111, 0.077) -0.94 -0.076 351
Flexibility in main thoracic curve (%) 7.620 4.13 (-0.731, 15.971) 1.84 0.118 073
Coronal correction rate (%) 0.033 0.025 (—0.018, 0.085} 132 0.087 193
Preoperative thoracic kyphosis (T5-T12) (*) —{.789 0.066 {0,922, —0.656) =12.00 —0.841 <.0001
Preoperative lumbar lordosis (L1-81) (°) —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 facetectomy level and screw density. Con-
versely, significant difference was observed between the groups
regarding change in TK (p<.001) and preoperative lumbar 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 Preop

thoracic thoracic

kyphosis kyphosis

<15° 215

(n=36) (n=28) P
Age at surgery 14,9222 14.782.5 .689
Risser sign 3.8+1.2 33417 182
Preoperative Cobb angle 60.3+8.9 64,1411,0 129
Flexibility of thoracic curve (%) 63.6%£12.9 58.2+£14.4 119
Correction rate of Cobb angle (%) 73.249.7 71.118.1 378
Change in thoracic kyphosis 13.746.1 3.3485 <.001
Preoperative lumbar lordosis 48.4+11.4 554+11.3 .018
Postoperative lumbar lordosis 53.049.6 53.0+9.0 .998
Number of facetectomy level 5.0£2.9 5.312.8 156
Screw density 1.8+0.3 1.740.2 {060
Table 4

Correlation analysis between change in thoracic kyphosis (%) and variable

=0.492, p=002; Spearman: r=0.541, p=007). Similarly, sig-
nificant correlation was found between change in TK and screw
density (Pearson: 1=0.333, p=.047; Spearman: r,=0.397,
p=.016). Conversely, in the TK>15° group, correlation was
found neither between change in TK and number of
facetectomy level (Pearson: r=0.047, p=.812; Spearman:
£=0.155, p=.431), nor with screw density (Pearson: r=0.030,
p==880; Spearman: r=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: r=0.351, p=.036; Spearman: r=0.318, p=.058),
whereas no correlation was found between change in TK and
screw density at the convex side (Pearson: 1=0.144, p=.402;
Spearman: 1=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 a). [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 Correlation Statistical

Variable MeanitSD Range coefficient 95% CI significance  coefficient 95% CI significance
Preoperative thoracic kyphosis <15°

Number of facetectomy level (no.) 5.03+2.9 3-11  1=0.492 (0.196, 0.707) p=.002 r=0.541 (0.287,0.752) p=.007

Screw density (no, of screws/level  1.830.3 0.7-2 =0333 (0.048, 0.5%6) p=.047 r=0.397 (0.088,0.647) p=.016

instrumented)

Preoperative thoracic kyphosis 215°

Number of facetectomy level (no.) 5.3+2.8 3-10 r=0.047 (~0.332,0413) p=812 r=0.155 (-0.194,0.528) p=431

Screw density (ho. of screws/level 1.740.2 122  =0.030 (-0.347,0.399) p=3880 r=0.110 (—0.336,0.409) p=.576

instrumented)

5D indicates standard deviation; CI, confidence interval,
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Table 5

Correlation analysis between change in thoracic kyphosis () and screw density in patients with preoperative thoracic kyphosis <15°

Pearson correlation 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 0.3-1 r=0351 (0.026, 0.610) p=.036 r=0.318 (0.049,0.624) p=058
screwsflevel instrumented) :
Convex side screw density (no. of  0.830,1 05-1 r=0.144 (-0.193, 0.452) p=402 r=0.122 (-0.239,0413) p=480

screws/level instrumented)

8D, standard deviation; CI, confidence interval,

apex of the theracic 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 circum-
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 number 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 correction 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 treatrnent of scoliosis [13,19-21]. In addition,
Clements et al. [22] reported an advantage in lumbar 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 (=0.495, p<.001). However,
no significant correlation was observed between MT coronal
curve correction and screw density at the convex side (r=—0.150,
p=-237). Recently, similar results were reported that only in-
strumentation at the concave side, particularly at the apical
region, was associated 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, Lin 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 comrelation
analysis between change in TK and screw density. Salmingo
et al. [23] recently analyzed the changes of the implant rod's
angle curvature during ATS 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



1054 H. Sudo et al. / The Spine Journal 16 (2016) 1049-1054

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 fric-
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 geometries 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-
jcant 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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