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Barthel index
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12-grade scale 6.2 8.6 0.002
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EHEE (14) 25 19 0079

RERSE (14) 18 14 0328

HDS-R (0-30) 196 213 0565
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WHO grade I: 21% Il: 44%
IV: 79% IV: 56%
Removal / removal 74% removal 82%
biopsy biopsy 26% Biopsy 18%
i HE 74% HE  74%
SVEH] - AR | AR - R
28% # 16%
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Table. Patient characteristics

Time
from  Hospital

Duration  Number
of HAL = of HAL

Age Type of Side of

Case Lesion . onsetto  Stay L L
(years) stroke paresis . . training  training
inclusion  (days) .
(days)  sessions
(days)

1 65 M H Putamen R 20 39 15 7
2 72 F H  Putamen L 12 30 16 5
3 83 M I CR. L 14 39 22 7
4 67 M H  Putamen R 5 45 36 10
5 73 M H  Thalamus R 11 48 35 10
6 55 M H  Thalamus L 16 25 7 3
7 79 F I Pons R 13 31 17 6
8 67 F H  Thalamus L 13 50 32 9
9 65 M H  Thalamus R 6 24 8 3
10 60 F 1 MCA L 3 21 15 5
1 73 M I MCA L 4 29 22 6
12 72 M H  Putamen R 5 37 29 9
13 75 M I MCA R 3 19 14 3
14 75 M I MCA R 8 26 15 6
15 65 M H  Putamen L 15 24 8 4
16 58 F H  Putamen L 6 17 10 6
17 46 M H Putamen L 12 35 22 7
18 46 M H  Putamen R 19 30 8 3
19 73 F H Putamen R 16 29 13 6
20 79 F I Thalamus L 6 32 23 10
21 54 M 1 ACA L 9 31 15 7
average 66.8 10.3 315 18.2 6.3

Figure. Walk Training Distance with HAL by
training session
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Figure. Comparison of Functional Ambulation Category

Before HAL training After HAL training
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WMORMEHIELZEL T2, ZHEMFHCEBHER 7L —b - 221 2 —
OB EOEIHENMETH 5. 72, FRICHFHEERZER Tl % o F
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G E 2 M AS bR RERIEICOWT, 4950 FEBAED 2 4EM OB TIXFH
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BdbHEEBERICHEIRS. HIC, RIFEEE (—REREZEED) OFH
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W

TERERE, HBEE X574 N CIREREEIC X 28R RE I L
RBER DD 5 A%, REEHE) R, LONWICEYHEBTLEOBREDOERMIH
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MARFEE, GRS, TE BT, (FEARREOES) EREERFREMIZSB T 5 MRI
TR EGRBE L OBE. ERES) 1999 5 34 (4) @ 537-542

Fouyas IP, Statham PF, Sandercock PA : Cochrane review on the role of surgery in
cervical spondylotic radiculomyelopathy. Spine 2002 ; 27 (7) : 736-747

4T B R — 92—



5)

6)

7)

8)

9)

Kadanka Z, Bednarik J, Vohanka S et al : Conservative treatment versus surgery in
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GEA 7 SNTW R WOPPIRTH L. 8612, M a 75774y 7 Tirbhs &
) REMEOMBY B I AGE I LTI HFE 25 EHMEYRSH 5. LLEO LX) 28R
LB ERICET L2 LWL 2 =217,

SllkEr U72o ik iZ U RO A 22 ) LT old i ol HAE
THREEROFNMEEZ BT 5 2 & GBS TIEA RIS, — T TR R
IZ & IR RN ANEAL T 5 - — ADH B (EV level 9Y). Bikih 12 Fr i sk
WCHRT 2R A Uil oHmE b5 (I I R_M vy 2 1)=v 71997 ;
18 (8) : 1169-1170). F 7=, HFHtv =V al—va vick-TH| g snh-m
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LN S oIS HHEICERT R TIRES B3,
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L Finb e &2 FTHILTE 20 2HET 5.

BATREE, ZREX IV, KT 2T vwEvws 2 FomBeET)REE 2
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EV level 71919), giFEOFHELZTRLTWAHITDH S (EV level 612).
SEBMLEB-HZLDIFEA LR, ERICFHREZZI-EBHEORE LR
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Clinical Question
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Gféde | |
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Grade I

Grade [

2 0

1~ 2 HEDRIAREEEMTlE, FU—hEHATD I &ICK W EHEE
AIENHERFSNBTREMEN G S.

REIE (152 3HAL EDFELR) ORIAREREMR Tl T L — 2
AUTHBIER, L — rORENECPTL.
FEHREERECEEHEREREZESFICH LT, BRBEBZRAV
D REBERIGREBER® corpectomy & discectomy ZHHEDE
% hybrid;ZZNEREND 2 ENHS.

BLeDT—INBE, AIBRELHFISHETERIN, RED
BIEAEESH D VGBI TE2TRENENHS.

CEEERMAZA S EICX ) iz RETE 5. i, FRoHE &<, BiiGo
Wiz, BR:EPezepl OB REE 2 CoMER AT 5.

e, TL—bF, =V REDHTA VA s VA Y TF— 3 yOHERDPHL
, i b kA ICHIE SN TB Y, ST Lo % ERGET 5.

1 ~2 KM O HBRIE R @M T, 7L— 2T 5 2 &1 & ) FHHERTZ A5
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OHI ST BRI EEM T L — b 2T 200 T, BiiE, 70— OBz E
L=9 v (EV level 6>%),
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T L — ORIV T RENICIZAE DR §5 2 L1278 278, 1~2HEH
O BEEEH I T L — P2 LT A Hi%A4% { (EV level 99), —4,
M (BRI2 3HEMRLL FH4dE) TIE, TL— FORHREETHLINELOHR
2%\ (EV level 6>7).

RS LTI 21T ) &, Bt ipeE & L TR e FEIL L,
BFNz2ES20bH 5. ZO0, BEUEOHEEERAED S WO ASE T ik
AHEF BN BEMAD 0, BITELEIRT S HiEHIZ .
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62

CHIZH LT, BROCHEEEBEEORESBERINDS BN S FHOHEIC
20T, REMOKREBRE L2 BRPEEZH VTV, RIF2EEOREDH 5 (EV
level 77). 7275 L, Wi ONEEL LT HNI—XX MEE* EWRFERT 2 LE
BHD, BEOAHENKEZ V.

—F, LTI, LELEMZZT corpectomy # 1T\, discectomy & #AEHt
TERH#BFEOKREREE % 179 hybrid % (EV level 7%), Hfk#F 2R+ 5 REH
BRERBZEDHED H 5 (EV level 49). E#HF D corpectomy A3 E 72z A HEH &
fUAE & W3R 7% ), FHHEIEMFHE Tl hybrid BHIZ AR 2 & & 2 WD H 5.

REUFEEREN 2V 2HEBIKREICHN § 5 corpectomy & 2 H [ discectomy
DL (MZ L HEBME+ 7L — MEEHH) TiE, FREOKEITZEN LV,
FEE, HIME, HEO7 F4 2 2 FORFICE L T 2H:M discectomy D 1E 5
BFLRT0B EW) HENDH S (EV level 619).

HEHRBERCTH D S OFBMEENE LTI, siFEBIRshaZ L
BEVY, BREBOREE 2B 5701013, BiFERICERETEIL VA by
WAV TF—Ya VEZEZBMIRELOBERNH Y, EBOBREDRFTH S
(EV level 6'V). 7272 LBIHAHFMIIBEOEEISTKE V2D, HBREHE, 12
BEETORMMPEDEREED S %, MikOEREIH HEMPMHRICEITED
BEBTOPLEDIETF VA %IE-& ) 8472 A CHICRERTLLEND
59.

FE =V RPEEK r — VR EDH LVEHA VA Yo VA F—3 a vis
RE2CHBEEIN, ZOHED LV (EV level 62, EV level 73719). Fijf & LT
i, B & 2 6 tri-cortical bone #RE T HLENL L, EMIZL > TRRHTETH
AT THS. 612, BRE, AEEFLMERET, BTCPLREDATER 7 —
VALTKET S LT, BIF2BRENBEONLOHED H S (EV level 219,
(EV level 4'”, (EV level 7).

/2, BRE AEE2HVTICHAAR—Y—DA:2 BTS2 LT, Bifh
BRAVPBONZETIHEDDH S (EV level 7020), —FTiX, ALTEDAD
BHETIIEERAEMEVEDOHED H S (EV level 72)).

BREBFHRECEEBMZREL, LER/NMNEORIRWE FREREZIT
) LT, BN L AEORBIEOREDOHEND S (EV level 62).

DARETRELRBTINT VA, BRTRALEBMEIERH IR TS
(EV level 2%, EV level 7%). 7z, flFMO7 Fu—F TRIE %2 T\, EER
EMRA VRN D HE SN TS (EV level 7%6~2),

HEOHEMEA VA My VA Y TF—Y a Y RIRO#ERITHEY, LED L ) I2H
LZHHEDOWANRAICHREEINTWS, L2LEYES, ZOFENICEHLT, ¥
FYAVNRNVOBWIHIRIR AR, §%1, FHEBIHEOREL L UEHEZH
AICRET L, FRERZHEICT A LEND 5.
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 Clinical Questic

Grade C BB CEBERDEE [CHSHIRENH S LFEVRRZRL. C7 /R
' | EEREHEIRRENT P EIRNE S A ST ait R R OB I(CH
FATH30aEMNSG2 .

P 75 [E & B I HE 5 Bl 25, post-laminectomy membrane, postoperative
kyphosis 1k & W HA&D Y L IXiTh I TW B A, MW (FEM P b &
%) L FTRARICAED D D OH, WERIERAH S, T IR TR
DA Y& LT CThiZe %2 A7 L 22 BIE P o i<, MINMHES i %
ZUHETLHSMGZRATAIMKADBILE D 22H LA, THHOHEICE D
PERI DIRHE & OPEkE: L MEDOHFMEROLEL R ONLH &) PRGET 5
VEDNH 5.

Rl R D OBIRIC 2w Tid, TCQ5 = mif i (7 BRIEE E ) 2875k
(HER TEEANT) 28R ILHE (LB & o ] T ~7z., B HiEIC 2w T ok I,
HES B ERIR, MU A 2 ) 2 — (lateral mass screw) & 0fH L 7zHeS Ul BRflr & %
WIIHESTEZREAMT, & L CHES IS & ORI ENH 20 D Thb. EHITHER
ERMICIEZ L DEEXED Y, ENLOMARBIZOVTERHLIDOPE) PEAR
HTH 5.

HES CIBANT & HES TR AT OB FICEDRH 5 E I PO A ST F1) ¥ ATH,
71 @ case series 7* 5 2,000 F UL &2 X745, A0 X%, JEtRER &
BWIZIEIEE A LR IZD ) TH o 72 (EV level 6Y). F 7z, fFEIEROUEREIZ
EFEAT {, MBI BRIZ 2T b Wl & OF 3 2 HE 5 B BRI & OIS0 7%
o 72 (EV level 6). & @ L ¥ 2 — Tl post-laminectomy membrane & \» ) H
FERIIM2IEP N THo T, EBICHFAETE2OD F o7 R vk bbb h
T\ %, ekt 50 91 & fi - F W85 30 ) & & Jeig L 7209838 5 2%, #iiim
T2 LD T Rd o7z (EV level 67). HEF TR 1061 & #MIBE R 27 1) 2 —12
X B % O L 72 HES WIERAT 13 6 & o Fhili<id, BEE, R, Bk o
LHHHEDHE DD S, HESEEMIMENL T W= (EV level 6%).

HESTERMTIZ L, K& (T TBEiRMEEEE R EErH Y, A=Y —1fl

PEIDEBVIEFT YA LRIVTKEEL 22550 o 72,
—J7, WiV ORKZ HIIZ C2d A Wik CTRigsiE 2 AE L, BRI
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HEBEEMEZT) FEIBREEINL TS, CTHEEB I UORNEHELEFL
72 B & AL RAMT 231 & CTRZEHE 2 YIBR L 7€k D C3-C7 FBAl & AL KA 84 B
FHBRELALZ A, MR l1EREBRICB T ABREEICEEZ IR o275
C7TRZSHEEIRARN B DI AE U2 BA e hr o 72 2 3 585D 5 (EV level
6Y). F 72, UBIDORIRKRITE % 1T o 72 BEL B3R D C3-C7T A B X AT B ARA 2
Tol22l FIDBRKRBRZ LB LR, Wi 1 ERONERICIIAREZLZROE
Poled, REAERR 27 IZBIRESARICBFTHo 2L T2HENH S (EV
level 6°). 198 BIDIELREBEAE (23 L T, HHES M H 5 213 skip laminoplasty
%17 o 7z case series Tid, JOA R I 7 HHGRT 11.3 BA S #4148 it L, #h
IR, COMBEMNZENZEN2% THolz L MEEINT WS (EV level 79). FLEH
TRBERBRFFME LTHEAETHS YR ATONE L) 12> TW5ED,
PNBLEE T HE S LD BRMT 34 B, HESTLRUMT 30 B % Il L 735 Clk, AERIIAE
R RBOL o 7oA, FHARE, Mg, ARE, WEOEMKRITE T
ol T HHEMNDH S (EV level 67).

Z D & ) ITEIRAGHE S TR R AR T AT 1347 4 0 S i & 8 O B A5 &
n, 2OMRELAEOFREROUEBENBONL L) THS. LirL, BEMYH
B7o b AL Z2 AV EF Y AVRNLVOEWILERE, EPEWHALELRE
REBSTRRESRTEST, SBOBETH .

X

1)  Ratliff JK, Cooper PR : Cervical laminoplasty : a critical review. ] Neurosurg 2003 ; 98 (3
Suppl) : 230-238

2)  HILBAL, /NEERE, T I3 EHESERMOMBEE  E-B5 % L mgeits
EOLBMET. HYS 7L Y 7TESFE 2000 13 (1) : 6667

3) Heller JG, Edwards CC 2nd, Murakami H et al : Laminoplasty versus laminectomy and
fusion for multilevel cervical myelopathy : an independent matched cohort analysis. Spine
2001 ; 26 (12) : 1330-1336

4) WEiRE HE E LWAREEEIZ) - $HE laminoplasty DH#f % axial pain DRRET—C7 WAL R
FOEH— WHEKSNEEE2006 ; 18 (4) @ 421425

5) & & WIEEL, MR EHENEE ST 2 B IRRHES TR - R AT BRER O
R, BIERASF 2006 5 50 © 79-83

6) AFEfZ, BA B NEE#HII)  FHIHEREICKT 2 BIROES R, B 5B
#52008 ; 48 : 1520

7)) WJIEEE, HHEA  EREMEICHT 5 NHE THES UIRMT—RERkE & o lBi—. BAER/AD
R BRHTEE 2008 ; 48 : 48-54
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AL REBEEMDSHIES LT
EEITNEDBDEFH BN

Grade C BAEB DL, (RBSER, IRETHRE, IR, i C5ME, ROHERR
- : & (BF), BEE, #EBIRKES, TL—bh AOU1—BEZERL
IS5 E DR - BIRREN'HS.

Grade I REIHE (1F(C 3HMALI EDES) O L — MEEHRRIGBREBE
Tl BiEBDIRENERICEDS.

ZHER [ E TIE MG 1B L2 GOREDHE & 2 5. 72, fBNE = Sl Al
FERRIE 22 SR TR O GIHED M OSNTB Y, EEEZWo2IZL TH L LD
bh5b.

BRigIco T BlE, BREEAHEE 20, BiEizow TR 4h: T
21 e 3Bz Bids (EV level 6Y), ZHEMnr i 41 6 1061, 9 5 4 B CHEIE
ROEALZ o2 WA A H 5 (EV level 6%). A ICOWTIZ23616
FlEwd MG d s (EV level 6%). Evbd 60 HE T, BRETORA IR S
ETL— bR LAERTIRIEEALE LGP0I L, HREHMTIE111
Pl 17H &L v ERH S, TL— L RVHEE TOFMBITIE, 5
FI PRI O 72 O B SIS 2 T 2 FE AR o T S (EV level 6Y).
F B RS, R, WETEE, MEENHRE XL TWw 5 (EV level 67,
EV level 7).

HESFIZZL— b2 2M 0B LTid, 1HEAROH 4R TIIBMEE OB
fld A s, ZHER T 60, R8I 3HEMRLL L oo i 24 T3 Bils - SRS 7 Bl 5
il (71%) &I EL 2L OHEDH S (EV level 7'%), F 4 vy -7
L—M2OEHT 2 TLRBOMmEDZDH D (EV level 6'7, EV level 7'¥), 114
R H CORERIE 15 FIrF 16 (7%) THo7-DIZx L, 2HARL Lol Tl
B H 61 (75%) & &3 Tdh -7z (EV level 7'7). ZHEM AT Tl TlaE T4
AR WAV TV a vEEREHTLZ LT, Bl v 77 v MIHET
LEPHER LR L 25 LOELIZ v (EV level 67, EV level 7771¥).

CH BRI DWTIE, #0120 mm T19%, 15 mm T2% & WEL < B3 4 & &
RICRET DLV HENDH S (EV level 79). —J5, 17 L 2HER i )7 201
BT L6 S CORRBEDSTE: L e o 222wt L, 3HE R DAL @ % i i i 5 15 362
FIrh 18 #8 (5.0%) | COMRIEATERE L7z & i H3H 5 (EV level 7). [ kD4
FiZiN 5 b MG SN TB Y, COMMBDIEANL 1~ 2 M DR 17T 4.6%, 34

— 107 — Clinical Question 8 67



MU EDSHERBRI T 125% Td o 72 (EV level 619).

R R EDIE ) PSR L 0 idd kv (156%145%) & v ) #®s
2% 5 (EV level 63). ABEE L 1TV 2 228, HIMMBIZRTHETEZ VW E W) #Hiy
bH 5 (EV level 6°). BiFE:IIFK TIXEEHEE T BE R S TMBARER, #
BIAREMICRET 2EBRICEZ L ITbhTwa o, BEHERFFEMR L V) Blah
LABHERXRETE, A2 Y a—BEORE, BEOEE (EV level 6°) 2 30
MIREAH T A4 ENTEIE L7 B 5HEREE 2K o 72 case series D#HRE T
13, 3161t 3BIAS3EBPNICIEE (7272 LB RIS ZE, IR, MEERRBIIR A
7)), 3B OBIEEBilE, BERR L, 25%DEIHERENRE SR TVS (EV level
67). 72, SHERILL LB ES T EPRFIRIC & 2 XMWHIKREL 22 LA &
nTw5 (EV level 79).

BRBE -PBIcRDbY, XBERMY —Y (PEEK 4 —¥, PLLA 7 —9) 2 f#
3 2R EDREIHRE SN TS (EV level 71112). HigDRKIIEEL T
BY, BIREBE)EHENFERBICHELTARVE VI BENS V. bHE
TRELZRBITIN TRV, NTHBRZEH L CTAEND 2  BIF %
PELNTZE W) NS S DHEDDH S (EV level 610).

KE D 7V — T H51997~2006 4E F TO 104ERIIZFT - 7B ik (HEAATE2H%) F
71,560 ) % W BRI A BHEDFEE 1T TV 5 (EV level 7'9). fEH %2 FMEET
BEIEICRRE LT Tid v as, BEERTF—FIR—ATH 5. fitk30 HLATD
FBLEHRIZL6%, AHEDORERIII8AY EBETHo . FIZHORULOEERHE,
1B RAGEE, KERERZSMATIRES A class 3L L, 3HEMAE LR LD
E#HE TN, 6B EORNERZ2EL AT, AHEORERNEN -
7. B, SR Lo REFEFHA T, BRHEA1.9%, BHEE OBiEH54%
Tholz. bRETIRIDL ) L RBABLE F— I N— A CEIBTIEBRETL T
DEIAHFTbh T, 5%, BEHEEFREICK-oTID L) ZAENTE
hE, SV ERZEBRVIBONLEEDNS.
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19)

Daubs MD. Early failures following cervical corpectomy reconstruction with titanium mesh
cages and anterior plating. Spine 2005 ; 30 (12) : 1402-1406

Nakase H, Park YS, Kimura H et al : Complications and long-term follow-up results in tita-
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Clinical Question

BHEDEHELE UTEREITREHDEHZH

T o it C5 Rht 5% AL RAET .
(1o (N o st e LT T (SR T BHARSIE 10~20% EMESNTNSH,
| N R TR 5 .

LG RS AT M RO RE E B TE BTN 55,

AY74—=AF-artyMIBWT, B EIHEIC2VTOHNAKED
E€<7§:ofb\%ﬂi‘lﬁf“%é7§* AR 2B R ENEVIRRTEINT I D AT
Hh. TOLOIZHLOMERZ T LOTHB I LEEERDVDS.

@1 csmE

Ml EROE R O IINME T2 AET 2 2 03B ), ZO5AEMECEE W
EPIZLTBEL ZEPRETH L. RAHKD W < 221 CHRMRIIZ D W T D
HEREENT WS (EV level 67, EV level 7173%), 72, 1986~20024E F TD
E A O SCHK D systematic review Tld, fligk TED H S L DD P 46% TH
B, WL BITETHEBEALZLLEVWIMETH - 72, BERTFIZOWTIE, i
MEEED L BB EI 2D 5%, TEMHRIIHTO RV (EV level 59).

% 72, BRIEHIPH % B 3 5 SARAYAHE = TR < 1d C5 B o F8 4 254 70 Wi 12
» % (EV level 77). —J5, FHitgHERFLILRAMTIZ & 0 COMBIEA DA ISP %
PolzlT5HELH LD (EV level 7%), CoMEFHIICIIFTI NS D Gk
M3 558D IMENPLETH S,

BEEDOEIL

TR 3 2 B E O T8 22 AL O SR LIS iE v, LA LAadts
MR DAL L 72 — A\ E TR TH 72 &2V T, ikl
W& B DEEDFEMMBIHS TRV, B0 M‘Ef%%.

Bl
BITEMT R IR RIS L O EIF R T A 2 L ST w A, BRI
B, PHIECODWTR ST SELERDLH L. RO WTIE, #ik6 » HLL
LA L 7o 173 T 15% AL, 21% A5 12cg3E LT\ 7z (EV level 77).
WGl D %o 72 137 B TIE 10% TH 22 ICHBL L TW /228, KER IZ iR
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Thol. MiHELEBEL-HETIE, FEAER246540% (BEFH :416) &
BiAED15% I L TED 572 (EV level 69). FrBE % MR M 725, B A
#2651 T LLERAE TIX, BTN Cld it Em I, Wrar 19605 S M 435I
L Tz (EV level 69). COX ) IHBE—CHETREETLI L EFEET
H5H. METHBEBEEIRKE W L EWMEERIBEETLEVIHREDH S (EV
level 7'V). —7%, BEClREMEBERERE B E L BIRNHESTERMT b 1Tbh
5XI o7 BHESEEM 72638 & O skip laminoplasty 109 Bl O # s T,
R ORERIZ15% & XD TEDL -7z (EV Level 77). Z0f, C23 5\
3 CTHERBRFEFMN CHEERIERE L VDL oz THHEVS WV (EV
level 6'>1%, EV level 7°%). 721 B & NHESHBRAM CHEE M O RB M, % BT
LT, C3-7ABMK (37#1), C3-6 Bk (3141), C3-6A R (234) ZiT VB L
THMETIE, JOARIT7TOWERIIIAEEEN 2L, BHEBIZCI-6 TCITH
IVEBICHRL, Kl » A~1EORBATRERBOLEAEZERALON o 72
ELTWw3 (EV level 719) .

mEREHONEERE, EFHRERBIMEEROBRICEN THo72LT5
HEDLDH S (EV Level 619).

ZOMDEHE

ZF O, BEBEMIIEEDEHEL LTiIdAR—— ik #EHERAMHL
ERH DY, FOHBIZOWTISE DR TIZHL NI TE L h oz —F, #E
SERAIFEAED S OTIE 2w, HERE (BRREL), fitoligk, BREirL
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N—%2v>dm (PD) MERE, HHINE
TR R THAE (SCD), B{=MEEMEMMIEE (hereditary

spastic paraplegia)

KmEREE (CVD)
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Study Design. Cross-sectional study.

Objective. To quantify spinal cord dysfunction at the tract level in patients with cervical
compressive myelopathy (CCM) using reduced field-of-view (rFOV) diffusion tensor imaging
(DTD).

Summary of Background Data. Although magnetic resonance imaging (MRI)§ the standard
used for radiological evaluation of CCM, information acquired by MRI doés notnecessarily
reflect the severity of spinal cord disorder. There is a growing interest in develéping imaging
methods to quantify spinal cord dysfunction. To acquire high-re§olution DTI, a new scheme
using rFOV has been proposed.

Methods. We enrolled 10 healthy volunteers and 20¢patients with CCM, in this study. The
participants were studied using a 3.0 T MRI system. For/DTI acquisitions, diffusion-weighted
spin-echo rFOV single-shot echo-planagimaging was used. Regions-of-interest (ROI) for the
lateral column (LC) and posterior column (PC) tracts, were determined based on a map of
fractional anisotropy (FA) ofthe spinal cord andFA values were measured. The FA of patients
with CCM was compared with that of hiealthy controls and correlated with Japanese Orthopaedic
Association (JOA) score.

Results. In LC and PC traets, FA values in patients with CCM were significantly lower than in
healthy volunteers. Total JOA scores correlated moderately with FA in LC and PC tracts. JOA
subseores for motor dysfunction of the lower extremities correlated strongly with FA in LC and
PC traets.

Conclusions. It is feasible to evaluate the cervical spinal cord at the tract level using rFOV DTI.
Although FA values at the maximum compression level were not well correlated with total JOA

scores, they were strongly correlated with JOA subscores for motor dysfunction of the lower
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extremities. Our findings suggest that FA reflects white matter dysfunction below the maximum

compression level and FA can be used as an imaging biomarker of spinal cord dysfunction.

Key Words: diffusion tensor imaging; reduced field-of-view; magnetic resonance imaging;

cervical spondylotic myelopathy; ossification of the posterior longitudinal ligang

anisotropy; cervical disc herniation; atlantoaxial dislocation; spinal cord;

Level of Evidence: 4

Mini Abstract

We evaluated functional disturbance in patien 1 compressive myelopathy (CCM)
using reduced field-of-view diffusion t actional anisotropy correlated strongly
with gait disturbance in patients wi ctional anisotropy reflects white matter
dysfunction and can be use cord dysfunction at the tract level.

Key Points

® [t was feasible to eval the cervical spinal cord at the tract level using reduced

1d-of-vi nsor imaging.
isotropy correlated strongly with gait disturbance in patients with cervical
sive myelopathy.

® Fractional anisotropy reflects white matter dysfunction below the level of maximum

compression and can be used as an imaging biomarker of spinal cord dysfunction.
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INTRODUCTION

Cervical compression myelopathy (CCM), including cervical spondylotic myelopathy,
ossification of longitudinal ligament, and cervical disc herniation is a major cause of spinal cord
disorder. Primarily, physical examination and imaging modalities including plain radiography,
computed tomography (CT), and magnetic resonance imaging (MRI) are used tofevaluate CCM
clinically. MRI is the standard radiological evaluation of CCM, because it¢an reveahthe degree
of spinal cord compression and signal intensity changes in the spinal&€ord, neither of which can
be obtained by plain radiographs or CT."? However, the informétion acquired by MRI does not
necessarily reflect the severity of spinal cord disorder.’ Fof example, it remains controversial
whether there is significant correlation between inteaimedullary intensity changes obtained by
T2-weighted MRI and severity of myelopathy@ymptoms. Therefore development of new
imaging methods that can indicate the dégree of spimal eord damage is under intense exploration.

Diffusion Tensor Imaging (DTI) ¢an provide microstructural information about the spinal cord.
Fractional anisotropy (FA) ig'derived from the diffusion matrix and represents the degree of
anisotropy of a diffusion process. DTIdhas been used to evaluate patients with cervical
spondylotic myeldpathy:* " “ DThprovides quantitative diffusion parameters. However, DTI has
not been extensively used t0 evaluate specific spinal tract damage in patients with cervical
spondylotic myelopathy bécause of the relatively lower spatial resolution limited by the
achievable sigiial-to-noise ratio in previous studies.*® A new method for reduced field-of-view
(rFOV)) has been proposed. The new rFOV diffusion method uses a spatially selective 2D
echo-planar RF excitation pulse and a 180° refocusing pulse to reduce the FOV in the
phase-encode direction, while simultaneously suppressing the signal from fat. This method

allows the acquisition of high-resolution diffusion-weighted images and reduces susceptibility
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artifacts in the cervical spinal cord."""” Therefore, rFOV DTI is a novel modality that can
indicate the degree of spinal cord damage in a tract specific manner.
We sought to quantify spinal cord damage at the tract level in patients with CCM using rFOV

DTL

Materials and Methods
Participants

All subjects provided written, informed consent prior to taki

posterior longitudinal lig i ical disc herniation, and 1 with atlantoaxial
dislocation bec eu i s. Those who had a history of neurologic injury, spinal

surgery or nelirodegenerative diseases causing spinal cord disorder were excluded.

clinical symptoms using Japanese Orthopaedic Association (JOA) scores. JOA
scores are a widely used physician-based functional assessment scale for cervical spine

18-19

myelopathy. (Table 1) We also recorded JOA subscores for motor dysfunction of the lower

extremities (LE) and upper extremities (UE). Total score and each domain constituting the JOA
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score were assessed by 3 experienced spinal surgeons. If there was a discrepancy of JOA score

between the surgeons, the score was determined by majority consensus.

Conventional MRI

The patients were studied using a 3.0 T MR system (Discovery MR 750, GE Hes

Diffusion Tensor Imaging
For DTI acquisitions, diffusi OV single-shot echo-planar imaging was
used, with diffusion grad noncollinear spatial directions and 1 baseline image
with b =700 s/ th slice was 5 mm and the sequence parameters for DWI
were: TE =7

ms, TR = 0 ms, FOV = 14 x 0.3 cm® NEX = 16 and the acquisition data

matrix = 176 x images covering the cervical spinal cord from C1 to T1 were

hich was placed at the center of either a vertebrae or intervertebral disc.

Image Analysis
We quantified diffusion tensor parameters using DTIStudio software (Johns Hopkins Medical

Institute, Johns Hopkins University). Regions-of-interest (ROI) for the lateral column (LC) and
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posterior column (PC) tracts were determined based on the geometry of the cord on the axial
image of the FA map at one slice cephalic to the maximum compression level, and FA values
were measured (Fig. 1). We analyzed the correlation between FA values and JOA score (total

score and subscore for motor dysfunction of upper and lower extremities). We recorded

increased signal intensity (IST) of the spinal cord based on sagittal T2ZW images ¢
morphometry of the spinal cord was analyzed using the anteroposterior diameter

highest compression in axial T2ZW images.

Reliability of ROI Measurement for DTI Analysis

ROI measurements were made by 2 experienced spi

Statistical Analysis

A Mann—Whitney U test was used to are FA values between patients with CCM and healthy

controls, and w A scores between patients with and without ISI.
Correlation between anter terior diameters and JOA scores, and correlation between FA and
JOA scores we sing Spearman’s correlation coefficient. The ICC values were

less than 0.40), fair (0.40—-0.59), good (0.60—-0.74), and excellent (0.75—

.05 was considered significant. All the analyses were conducted using JMP version

10.0.2 ( Institute, Cary, NC).
Results
Clinical Symptoms
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Seventeen of 20 patients with CCM presented gait disturbance and 15 of 20 patients presented
hand clumsiness. The mean total JOA scores and subscores for motor dysfunction of upper and
lower extremities in this cohort were 10.7 (range 5.5-17), 2.9 (range 1.0-4.0), and 2.2 (range

1.0-4.0) respectively.

FA Values
Tract-specific analyses revealed that the FA values in patients with

lower than those in healthy volunteers in both LC and PC trac

0.01; Table. 2).

Correlation between JOA FE

In patients with CCM, total JOA scor derately correlated with FA values in LC (p =0.48, P =

0.03) and PC tr OA subscores for motor dysfunction of the UE weakly

correlated with FA value 1 tracts (p = 0.23, P =0.32), whereas JOA subscores for motor

nction of correlate with FA value in LC tracts (p = 0.16, P = 0.50). JOA

otor dysfunction of the LE showed a strong correlation with FA value in LC (p =

) and PC tracts (p = 0.74, P <0.01; Fig. 2).

Reliability of ROI Measurement for DTI Analysis

The ICC value for interobserver reliability of ROI measurements was 0.80 in LC and 0.72 in PC
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tracts. The ICC value for intraobserver reliability of ROI measurements was 0.92 in LC and 0.90
in PC tracts. The inter- and intraobserver reliability of tract specific ROI measurements were

found to be reliable for analyzing the FA maps of patients with CCM.

Conventional MRI Parameters

subscores for motor dysfunction o

and 3.0 (range 2.0-4.0) res (P mean subscores for motor dysfunction of the

LE in patients with and ut I[SI w .0 (range 1.0-4.0) and 2.9 (range 2.0—4.0) respectively
(P=0.051; Fig ignificant difference between total JOA scores in patients with
ISI and with . there was a trend toward lower subscores for LE motor

I than in those without ISI, this difference was not significant.

study showed that it was feasible to evaluate specific tracts of the cervical spinal
cord of patients with CCM using rFOV DTI. FA values in LC and PC tracts measured using

rFOV DTI correlated strongly with severity of gait disturbance. In other words, rFOV DTI can
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indicate the degree of damage in the long tracts of the spinal cord. To our knowledge, this is the
first report showing correlations between FA of specific spinal cord tracts and severity of
myelopathy in patients with CCM.

rFOV DTI of the spinal cord enables the acquisition of high resolution images with which to
evaluate specific spinal cord tracts and distinguish white matter from gray matterd > DTI
analyses of the spinal cord have been applied not only to CCM, but also toddemyelinating
disease. Naismith et al. evaluated patients with multiple sclerosis andfmeuromyelitis using DTT.
They found correlations with spinal cord tract DTI parameters dndrspecifie clinicalfunctions
carried by those tracts.** Spinal cord morphology is presefved in'patients with demyelinating
disease, therefore it is easier to evaluate spinal corddt thetract level inpatients with
demyelinating disease than it is in patients with CEM and compression-induced spinal cord
deformity. There have been several repofts describing DTI analyses in patients with CCM.
Recently, DTI was used to evaluaté somatosensory tractsin patients with cervical spondylotic
myelopathy (CSM)."° Patient§ with’abnormal sofatosensory-evoked potentials had decreased FA
in the dorsal column. However, no invéstigation of the correlation between DTI parameters and
motor/sensory fufiction of the patients was reported. In another recent study, Cui et al. used
diffusion tensor tractographiy to evaluate specific columns in the spinal cord of patients with
CSM. They reported,FA is significantly lower in the LC and PC, while mean diffusivity, axial
diffusivity, andwadial diffusivity in the LC and PC are higher in patients with CSM compared
with healthy subjects.'' However, they did not find any correlation between DTI parameters and
clinical symptoms. By contrast with earlier reports of DTI of patients with CCM, we report the
evaluation of DTI parameters relevant to clinical symptoms in the present study.

Compared with conventional MRI findings such as ISI of the spinal cord and diameter of the
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spinal canal, DTI measures FA, which indicates the severity of myelopathy. We found that
conventional MRI parameters, including ISI of spinal cord on T2-weighted images and diameter
of the spinal canal, had only weak correlations with the severity of myelopathy. IST on T2W
images reflects a variety of pathological changes induced by spinal cord compression including

23,24 -
324 Association betweefl the presente

edema, ischemia, necrosis, myelomalacia, and cavitation.
of ISI and clinical symptoms remains controversial. Some investigators regerted thatithe
increased severity of neurological deficits are concomitant with ISI, whereas ethers noted no
correlation between ISI and clinical presentation.” >’ In the prefent study, patientsdwvith ISI
presented lower JOA scores than patients without ISI. Howewver, the presence of ISI is only a
qualitative assessment and cannot quantify the severity 6f myelopathy.

It is well known that a discrepancy exists between the degree of spinal cord compression and
the clinical symptoms.”*** Although in pépulation studies there is correlation between narrow
spinal canal diameter and cervical myelopathy, there is a‘considerable degree of overlap between
the frequency histograms forfminimum anteropesterior diameter of the asymptomatic population
and those with CSM.*° The present studlyalso showed only weak correlations between
anteroposterior diameter and JOA scote. Therefore, spinal cord morphology evaluated by
conventional MRI does notmecessarily reflect pathology of spinal cord.

Consistent with previous' DT studies of patients with CSM, in the present study we found a
decrease in EAvat,the compression site.**"'> DTI has shown theoretical promise for assessing the
integrity of white matter tracts, and decrease in FA is considered to reflect demyelination and
axon damage in the spinal cord.*' > The lateral corticospinal tract, which is located in the LC, is
the principal descending motor fiber tract conducting voluntary movement in the human spinal

cord. PC mainly conducts deep sensation including position and proprioception, both of which
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are important to coordinate voluntary movement.** Therefore, damage to LC and PC tracts,
which can be detected by DTT as a reduction of FA, leads to gait disturbance. Reduction of FA at
compressed levels showed weak correlation with total JOA scores compared with JOA subscores
for LE motor dysfunction. In the JOA score of 17 points, 6 points reflect sensory disturbance
assessed by a pinprick test and 3 points reflect bladder function. Because LC and'PC tracts do
not contribute to sensory disturbance of bladder function, it is reasonable that FA of these tragts
is less strongly correlated with total JOA scores. Hand myelopathy reflects not'only long tract
symptoms, but also segmental and/or radicular symptoms at thelower ¢ervical spin€ i patients
with CCM. Considering a decrease in FA reflects dysfunefion, pasticularly in the white matter, it
is reasonable that a reduction of FA in the LC and PC tréaets did not sighificantly correlate with
finger disability.

By contrast with conventional MRI findings, DTI'suceessfully revealed a neurological deficit in
patients with CCM in the present study, The present results suggest that DTI may become an
indispensable diagnostic modality for patients with CCM. A study is currently underway to
determine the association between FAdnd functional outcomes after decompression surgery. This
might suggest DTI as a predictonef sirgical outcomes, to assist decision making for surgical
intervention in patients with CCM.

A major limitationvef the'present study is the significant difference in age between the healthy
volunteers and patients with CCM (P < 0.01). FA in the cervical spinal cord decreases with
age.>> % This may contribute to the significantly higher FA of the spinal cord of healthy
volunteers. Therefore, age should be matched in future studies. Another limitation of the present
study is the difficulty of defining the ROI in patients with severely compressed spinal cords.

Deformity of the spinal cord leads to deviation of specific tracts, possibly reducing the
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reproducibility of ROI determination. To reduce this problem, we placed the ROI at one slice
cephalic to the level of maximum compression. In patients with CCM having prolonged latency
of somatosensory-evoked potentials, FA decreases not only in the compression lesion, but also at

the level cephalic to the lesion.'® We showed high reliability and reproducibility using these

strategies.

Conclusions
Using rFOV DTI, it is feasible to evaluate the cervical spinal
FA in LC and PC tracts strongly correlated with the JO

LE. These findings suggest that FA indicates white

candidate imaging biomarker for spinal cord i @
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Figure 1. FA maps of (a) a healthy voldnteer and (b) a patient with CCM. In the patients with
CCM, ROIs wer€ defined on axialimiages of the FA map at one slice cephalic to the level of
maximum compression. ROIs were placed in the lateral columns (the white arrows) and posterior

columns (the black arzows).
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Table 1. Japanese Orthopaedic Association Scori

Function Grade
Motor function
Fingers
Unable to feed oneself including chopsticks, spoon, 0
or fork, and/or unable any size
Can manage to f , and/or fork but not with 1
chopsticks
ting is possible but not practical, and/or )
vriting is clumsy but practical, and/or cuff 3
4
valuated by MMT score of the deltoid or biceps
-2
-1
-0.5
0
Unable to stand up and walk by any means 0
Able to stand up but unable to walk 0.5
Needs cane or aid on flat ground 1
Able to walk without support but with a clumsy gait 1.5
Walks independently on flat ground but needs support on stairs 2
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Able to walk independently when going upstairs, but needs support 75
when going downstairs '
Capable of fast but clumsy walking 3
Normal 4
Sensory function
Upper extremity
Complete loss or touch and pain sensation 0
50% or less normal sensation and/or severe pain or numbness 0.5
More than 60% normal sensation and/or moderate pain or numbness 1
Subjective numbness of slight degree without any objective sensory 15
deficit '
Normal 2
Lower extremity
Complete loss or touch and pain sensation 0
50% or less normal sensation and/or severe pain opfiumbness 0.5
More than 60% normal sensation and/or moderaté pain or numbness 1
Subjective numbness of slight degree without'any objective sensory 15
deficit '
Normal 2
Trunk
Complete loss or touch and pain sensation 0
50% or less normal sensationdnd/or severe pain or numbness 0.5
More than 60% normal sensation and/or moderate pain or numbness 1
Subjective numbness ofé§light degree without'any objective sensory 15
deficit )
Normal 2
Bladder function
Complete retention 0
Severe disturbanee, (sense of rétention, dribbling, incomplete 1
continénce)
Mild disturbance (urmary frequency, urinary hesitency) 2
Normal 3

MMT: Manual muscle test.

Table 2. Mean FA values in CCM patients and healthy volunteer

FA value Controls CCM patients p
0.71 0.59
Lateral column 00 0.66-0.75) | (range 0.40-0.76) | !

. 0.72 0.58
Posterior column 1\ 00 0.68-0.76) | (range 0.40-0.82) | ~001

FA values in CCM patients were significantly lower than that in healthy volunteers in both LC
and PC
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Abstract

after bed rest.

neurological symptoms.

complication

Background: We report on Japanese patients who showed neurological deterioration induced by sitting after
cervicothoracic posterior decompression with instrumented fusion, but showed immediate neurological recovery

Case Presentation: Patients showed incomplete paraparesis caused by the ossification of the posterior longitudinal
ligament at uppermost thoracic spine. Cervicothoracic posterior decompression with instrumented fusion was
performed. Postoperatively, the patients showed partial paraparesis when they were sitting. They showed rapid
recovery from lower extremity paralysis upon lying down. After strict bed rest for one month, those patients
showed no apparent development of paralysis during sitting.

Conclusion: In patients with postoperative residual anterior spinal cord compression, micromotion might exacerbate

Keywords: Ossification of the posterior longitudinal ligament, Posterior surgery, Instrumented fusion, Postoperative

Background

Ossification of the longitudinal ligament (OPLL) is one
of anterior spinal cord compressive lesions at the upper-
most thoracic spine, and is often treated using a
posterior approach to decompression because of the
anatomical complexity of the upper mediastinum [1].
OPLL patients showing local kyphosis often have a poor
surgical outcome after posterior decompression surgery
alone [2]. Concurrent instrumented posterior fusion is
usually adopted as a stabilization procedure. The ration-
ale for posterior decompression with instrumented fu-
sion surgery (PDF) is to obtain neurological recovery by

* Correspondence: masaokod@gmail.com

'Departments of Orthopedic Surgery, Chiba University Graduate School of
Medicine, 1-8-1, Inohana, Chuo-K, Chiba 260-8670, Japan

Full list of author information is available at the end of the article
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immediate stabilization of the spine, even if there is re-
sidual anterior compression following the procedure
[3-6]. Here we report two cases that showed neuro-
logical deterioration induced by sitting after cervicothor-
acic PDF for OPLL, but showed immediate neurological
recovery after bed rest.

Case presentations

Case 1

A 71-year-old Japanese woman complained of difficulty
walking caused by OPLL at T2-3. C7-T5 PDF surgery was
performed (Figure 1A, B, C). Three days after surgery, the
patient showed partial paraparesis when she was sitting.
Emergent CT and MRI showed no apparent abnormalities
(Figure 1D). During those examinations, the patient grad-
ually recovered from lower extremity paralysis. We ordered

© 2015 Koda et al, licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http:/creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
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Figure 1 Pre- and postoperative images of Case 1. Pre-operative computed tomography image showed beak-shaped ossification of the posterior
longitudinal ligament at T2/3 vertebral level (A). Posterior decompression with instrumented fusion surgery at C7-T5 level was performed (B-D). This
patient showed partial paraparesis when she was sitting, but showed immediate neurological recovery after bed rest.

A

strict bed rest without sitting up for one month. Subse-
quently, the patient showed no apparent development of
paralysis during sitting or using a wheelchair.

Case 2

A 37-year-old Japanese man showed partial paraparesis
because of OPLL at C3-T3 (worst at T1-2, Figure 2A).
The patient underwent PDF surgery at C3-T5. The pa-
tient showed incomplete paralysis on sitting, but rapidly
recovered after bed rest. An emergent CT-myelogram
revealed no apparent abnormalities (Figure 2B). X-ray
images obtained when the patient was sitting and lying
showed no apparent motion between fused segments
(C7-T4 angle was 4° in both lying and in sitting position,
Figure 2C and D). We ordered strict bed rest for 3 weeks.
Subsequently, the patient showed no apparent develop-
ment of paralysis during sitting.

Discussion

Points in common between the present patients were
that there was an anterior spinal cord compressive le-
sion at the upper thoracic level, that there was residual

anterior spinal cord compression after surgery and the
cervical 3.5 mm diameter rods were used at the cervi-
cothoracic region. Previous Japanese reports describing
neurological deterioration induced by sitting after cer-
vicothoracic posterior decompression with instru-
mented fusion for OPLL showed similarities with the
present patients [7,8]. Both of the present cases showed
rapid neurological deterioration with sitting, followed
by rapid recovery on lying down. These lines of indirect
evidence lead us to suggest that, even after PDF sur-
gery, there is micromotion at the fused segments. In
contrast, no mid- to lower-thoracic OPLL patients
showed neurological deterioration at sitting after PDF
surgery in our previous series [5,6].

The possible differences between the previous mid-
to lower-thoracic OPLL series and the present cases are
the difference in the region and the difference of rod
diameter, tapered rod (4.5 mm thoracic and 3.5 cer-
vical) for case 1 and 3.5 mm cervical rod for case 2.
Upper thoracic spinal cord might be vulnerable for ex-
ternal force because of its specific blood supply [9];
therefore in patients with postoperative residual anterior

Figure 2 Pre- and postoperative images of Case 2. Pre-operative computed tomography image showed peak of ossification of the posterior
longitudinal ligament at T1/2 vertebral level (A). C3-T5 posterior decompression with instrumented fusion surgery was performed. The patient
showed incomplete paralysis on sitting, but rapidly recovered after bed rest. An emergent computed tomographic-myelogram revealed no apparent
abnormalities (B). X-ray images obtained when the patient was lying (C) and sitting (D) showed no apparent motion between fused segments.
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spinal cord compression at upper thoracic region, the
spinal cord might be more vulnerable for micromotion
than in the patients of mid- to lower thoracic spinal level.

Conclusion

In conclusion, we recommend surgeons be alert to the
possibility of micromotion after cervicothoracic PDF
surgery for OPLL. Thicker or more rigid rods for the
PDF surgery may suppress this micromotion.

Consent

Written informed consent was obtained from both of
the patients for publication of this Case Report and any
accompanying images. A copy of the written consent is
available for review by the Editor-in-Chief of this
journal.
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Abstract

Purpose The motion at the non-ossified segment of the
ossification of the posterior longitudinal ligament (OPLL)
is thought to be highly correlated to aggravation of
symptoms of myelopathy. The rationale for posterior de-
compression with instrumented fusion (PDF) surgery is to
limit the motion of the non-ossified segment of OPLL by
stabilization. The purpose of the present study was to
elucidate the course of bone union and remodelling of the
non-ossified segment of thoracic OPLL (T-OPLL) after
PDF surgery.

Methods A total of 29 patients who underwent PDF
surgery for T-OPLL were included in this study. We
measured the thickness of the OPLLs by determining the
thickest part of the OPLL in the sagittal multi-planer re-
construction CT images pre- and post-operatively. Five
experienced spine surgeons independently performed CT
measurements of OPLL thickness twice. Japanese Ortho-
paedic Association score for thoracic myelopathy was
measured as clinical outcome measure.

Results  Non-ossified segment of OPLLs fused in 24 out
of 29 (82.8 %) patients. The average thickness of the
OPLL at its thickest segment was 8.0 mm and decreased to
7.3 mm at final follow-up. The decrease in ossification

<l Masao Koda
masaokod @gmail.com

Department of Orthopaedic Surgery, Chiba University
Graduate School of Medicine, 1-8-1, Inohana, Chuo-Ku,
Chiba 260-8670, Japan

Department of Orthopaedic Surgery, Chiba Aoba Municipal
Hospital, Chiba, Japan

Department of Orthopaedic Surgery, University of Tsukuba,
Tsukuba, Japan

thickness was significantly larger in the patients who
showed fusion of non-ossified segments of OPLL com-
pared with that in the patients did not show fusion. There
was no significant correlation between the clinical outcome
and the decrease in thickness of the OPLLs.

Conclusion The results of this study showed that re-
modelling of the OPLLs, following fusion of non-ossified
segment of OPLLs, resulted in a decreased OPLL thick-
ness, with potential for a reduction of spinal cord
compression.

Keywords
Remodelling

OPLL - Bone union - Fusion surgery -

Introduction

In recent years, multi-slice computed tomography (CT) has
exhibited added advantages for musculoskeletal imaging,
including volumetric imaging and the ability to acquire
multi-planar reconstructions (MPR). CT MPR images
make it possible to obtain a precise observation of fine
structures in an arbitrary plane that can be achieved fol-
lowing the acquisition of data from a single scan without
the need for gantry angulation. Similarly, CT MPR images
have been widely used to assess bony structures in the field
of spinal surgery. By the acquisition of CT MPR sagittal
images, the precise morphology of ossification of the
posterior longitudinal ligament (OPLL) may be assessed,
as opposed to via plain radiograms or conventional axial
CT images, which have distinct limitations [1, 2]. CT MPR
sagittal images of OPLL can reveal a non-ossified segment
of the ossification at the thickest segment of ossification
foci, even if the ossification seems to be continuous when
classified by plain radiogram. The motion at the non-
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ossified segment of the OPLL is thought to be highly
correlated to aggravation of myelopathy [3]. Therefore,
posterior decompression with instrumented fusion (PDF)
has been indicated as one of the first-line treatment choice
for patients with thoracic OPLL (T-OPLL), instead of
posterior decompression alone [4]. The rationale for PDF
surgery is to limit the motion of the non-ossified segment
of OPLL by stabilization [5, 6].

Previous report revealed the bony fusion of non-ossified
segment of OPLLs after PDF surgery. Following bony
fusion, bone remodelling was also occasionally observed,
which resulted in a reduction in the thickness of the ossi-
fication and an alteration from a sharp/angular morphology
to one that was blunt [7].

The purpose of the present study was to elucidate the
course of bone fusion and remodelling of the non-ossified
segment of T-OPLL after PDF surgery.

Patients and methods

Study design

This was a retrospective cohort study.
Patient population

This study included patients who underwent PDF surgery
for T-OPLL from September 2001 to May 2012 at our
institute. A total of 29 patients (male 16 cases, female 13
cases) were included in this study. The average age of
patients at the time of surgery was 53.4 years (range
22-74 years). The average number of fused segments was
8.1 (range 5-12 segments). The mean follow-up period was
68.8 months (range 17-147 months).

Surgical procedure

The patients underwent laminectomy at the spinal cord
compression levels followed by posterior instrumented
fusion with pedicle screw and rod system. The fused seg-
ments were two or three levels above and below the levels
of laminectomy. Postero-lateral autologous bone graft was
performed with local bone including resected spinous
processes and laminae. We applied the posterior in situ
fusion without correction of the spinal alignment.

CT image analysis
We assessed the non-ossified segment of OPLLs and
measured the thickness of OPLLs at the thickest segment

using pre-operative sagittal MPR images and post-op-
erative follow-up CT scans. The CT images were acquired

@ Springer

by continuous helical scanning (Aquilion 3; Toshiba
Medical Systems, Tochigi, Japan) and sagittal plane re-
constructed images were obtained (Vitrea software; Tosh-
iba Medical Systems). Three consecutive sagittal images
were acquired at 1 mm intervals, including a mid-sagittal
slice; these were analysed for each patient.

Patients” OPLLs were classified into linear, beaked,
continuous waveform and continuous cylindrical types by
their morphology according to the previous reports [8, 9],
but with a slight modification; we added the circumscribed
type, identified when ossification was localised at the level
of the disc without continuation between vertebrae (Fig. 1).
Non-ossified segment of the ossification foci of the affected
PLL was defined as the discontinuation of ossification as
detected by CT reconstructed MPR images acquired in the
sagittal plane. All patients in this series had non-ossified
segment of ossification foci. We measured the thickness of
the OPLLs by determining the thickest part of the OPLL in
the three sagittal slices acquired during CT scanning. Five
experienced spine surgeons independently performed CT
measurements of OPLL thickness on 2 separate occasions
of which interval was at least 3 days.

Clinical outcome measure

Our assessments were based on the Japanese Orthopaedic
Association (JOA) score for cervical myelopathy, although
we excluded the upper extremity motor and sensory func-
tional scores as clinical outcome measures. The maximum
JOA score is 11 points (Table 1).

We compared thoracic (T) JOA scores pre- and post-
operatively, and the rate of recovery was computed by the
following method: obtained points (i.e., post-operative
JOA score — pre-operative JOA score)/pre-operative defect
points (i.e., maximum score [11 points] — pre-operative
JOA score) [10].

28
Rl

beaked

HEEl

continuous circumscribed
cylindrical

continuous
waveform

linear

Fig. 1 The classification of thoracic OPLL by its morphology.
Patients’ OPLLs were classified into linear, beaked, continuous
waveform and continuous cylindrical types by their morphology
according to the previous reports, but with a slight modification; we
added the circumscribed type, identified when ossification was
localised at the level of the disc without continuation between
vertebrae
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Table 1 Japanese Orthopaedic Association score for thoracic

myelopathy

Lower extremity motor function
Unable to stand and walk by any means 0

Unable to walk without a cane or other support on a level

Capable of walk without support on a level but needs 2
support on stairs

Capable of walk with clumsiness 3

Normal

Sensory function
Trunk
Apparent sensory disturbance 0
Minimal sensory disturbance
Normal 2
Lower extremity
Apparent sensory disturbance 0
Minimal sensory disturbance
Normal 2
Bladder function
Urinary retention or incontinence 0

Sense of retention or dribbling or thin stream or
incomplete continence

Urinary retardation or pollakiuria
Normal

Statistical analysis

Inter-rater reliability and intra-rater reliability were ex-
pressed as R? value, both of which were assessed by ex-
pected mean square method and restricted maximum
likelihood method, respectively. Inter-rater and intra-rater
reliability determined with R* values were classified ac-
cording to the previous report [11]: >0.81, almost perfect;
0.61-0.80, substantial; 0.41-0.60, moderate; 0.21-0.40, fair
and 0-0.20, slight. Thickness of OPLL was compared be-
tween pre-operative and at final follow-up using paired
t test. p value was determined as significant when it was
smaller than 0.05. The correlation between the clinical
outcome measure and the change in OPLL thickness was
determined by Pearson’s correlation coefficient test. The
correlation between the follow-up period and the change in
OPLL thickness was determined by Pearson’s correlation
coefficient test. All of the statistical analyses were per-
formed with statistical software JMP version 10 (SAS In-
stitute Japan, Tokyo, Japan).

Results

The morphology of the ossification was classified as fol-
lows: beaked type (5 cases), continuous waveform type (9
cases), continuous cylindrical type (12 cases) and circum-
scribed type (3 cases). Non-ossified segment of OPLLs

fused in 24 out of 29 (82.8 %) patients over an average
duration of 17.2 months (6-36 months) after the surgery.
For 3 out of 5 (60 %) patients who exhibited no fusion of
their non-ossified segment, the OPLL classification type
was circumscribed.

Inter-rater reliability was calculated as substantial
(R*> = 0.68) and intra-rater reliability was calculated as
moderate (R2 = 0.58).

Preoperatively, the average thickness of the OPLL at its
thickest segment was 8.0 mm (range 5.6-11.0 mm), de-
creased to 7.3 mm (range 5.3-9.0 mm) at final follow-up.
The average decrease in thickness of OPLL was 0.8 mm
(range 0.1-2.7 mm). There was significant difference be-
tween pre- and post-operative OPLL thickness (Fig. 1,
p = 0.004; Fig. 2a—d). The average reduction of OPLL
thickness in the patients who showed bony fusion of non-
ossified segment was 1.2 mm (0.1-2.7 mm), whereas that
in the patients who did not show bony fusion of non-os-
sified segment was 0.3 mm (0.1-0.5 mm). There was sig-
nificant difference in reduction of OPLL thickness between
the patients with and without bony fusion of non-ossified
segment of OPLL (p = 0.032). There was no significant
correlation between the clinical outcome and the decrease
in thickness of the OPLLs. There was also no significant
correlation between the follow-up period and the decrease
in thickness of the OPLLs.

Discussion

The results of this study showed that remodelling of the
OPLLs, following fusion of non-ossified segment of
OPLLs, resulted in a decreased OPLL thickness, with po-
tential for a reduction of spinal cord compression.

The precise mechanism underlying the reduction of
OPLL thickness after PDF surgery is unclear. Our hy-
pothesis is that the motion at the non-ossified segment
stimulates the local thickening of the OPLL, therefore
stabilization can reduce the ossification foci, of which
mechanism might be similar to the reduction of protruded
bony fragments in spinal canal of burst fracture cases
after stabilization [12]. The other possible explanation is
the pulsation of the thecal sac might reduce the size of
ossification foci, of which mechanism is similar to the
reduction of ossification of the ligamentum flavum after
floating decompression procedure with instrumented fu-
sion [13].

The present results may provide a possible rationale for
PDF surgery to reduce the risk of the neurological dete-
rioration by the motion at the residual anterior spinal cord
compression by OPLL. In the past it was reported that
neurological recovery after PDF surgery is gradual and
peaks 9 months, on average, after surgery [14]. Our results
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Fig. 2 Representative cases
showing continuous waveform
type OPLL (a, b) and beaked
type OPLL (¢, d). There was
non-ossified segment at the
thickest segment of OPLL (a, c;
arrows). Several years after
surgery, fusion of non-ossified
segment and decrease in
thickness of OPLL was
observed (b, d; arrows)

showed that healing of non-ossified segment of OPLLs
occurred 17 months, on average, after surgery. OPLL mi-
cro-motion after surgery may be a factor that slows neu-
rological recovery.

The clinical significance of the bony fusion of a non-
ossified segment of OPLL is still unclear. However, we
speculate that motion occurring at a non-ossified segment
of OPLL might contribute to repetitive minor damage to
the spinal cord which could result in neurological dete-
rioration. Thus, limiting motion in the compressed seg-
ment of the spinal cord is crucial for neurological
recovery. According to the previous reports, neurological
recovery achieved by PDF surgery was equivalent com-
pared with the other surgical procedures, even though the
spinal cord compression caused by the OPLL foci still
remains after PDF surgery, suggesting that stabilization at
the spinal cord compressed site is definitely important [5,
9, 12]. The present study revealed that bone union of the
non-ossified segment of the ossification foci after PDF
surgery, possibly providing additional stability to com-
pressed spinal cord.

If remodelling is able to reduce the thickness of an
OPLL, early fixation surgery can be beneficial for patients
who show subclinical, or only mild myelopathy with a
thickening OPLL and a disruption at the associated os-
sification foci. Future investigation is needed to clarify
this point.

Conclusions
Non-ossified segment of OPLLs showed evidence of bony

fusion, remodelling, and a decrease in thickness after PDF
surgery for T-OPLL.
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The Difference between Autograft and PEEK Cages Used in Anterior Cervical
fusion (ACDF) of Hybrid Anterior Cervical Fusion in More Than 3 levels

P9 H ' ZAE AT HESE' BEFHE#E” U@ E X
Ryo Kadota*!, Macondo Mochizuki*', Atsuomi Aiba*!, Masao Koda*?, Masashi Yamazaki**

E B .
3 HER LL_E Hybrid £ ACDF (2 7z BRE2161 & PEEK 7 — V30BIDZEIZ DWW TR
L7 BREEDSIHEEZZIZRESEOMBTH L LV 505, BEEEMAELEO
BIESCEEHEBEAEICBYAREBRA L EOBRTyY — VBN ETS > T\, PEEK 7 —
JIISHER MR T BREREN B W TH REBHBBA IR OER 2B T H 5758,
TAFIv T L—MERR EDFRIILETH 5.

Abstract

Purpose : To compare autologous bone graft with PEEK cage used for anterior cervical
decompression fusion (ACDF) in more than 3 levels anterior cervical fusion (ACF).

Material and Methods : Patients who underwent hybrid method ACF in more than 3-levels
from 2007 to 2013 were enrolled in this study. In the autologous group there were 21 cases and in
the PEEK cage group there were 30 cases. Functional X-ray was taken after three months
postoperatively to investigate the period until stabilization and bone union and the change of the
fused angle. We also compared blood loss, operating time and clinical recovery rate.

Results : There was no difference in the period until union, but the period of stabilization was
shorter and the fused angle was more lordotic in the autologous groups(p<<0.01). There were no
differences between the groups in clinical recovery rate, blood loss and operative time.

Discussion : Our results showed the stabilization was due to the property of the PEEK cage that
meant bone ongrowth did not occur, and also that there was less of a fused angle in the PEEK cage
group.

Conclusion : Both groups are almost equal except for the period until union and the fused angle.
We concluded that additional use of a dynamic plate was mandatory for PEEK cages used in ACF
for more than 3-levels.

Key words : PEEK %7 — ¥ (PEEK cages), i ZEME R J5 [ =47 (ACF more than 3-levels), %1 7
3 v 7 7L — I (dynamic plates)

*NEE T LRI AE (T 410-0302 # R I B E T B ME B 2% / AR550) Department. of Orthopaedic Surgery. Numazu
City Hospital
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i7" (LN Hybrid 7%, Anterior cervical fusion (ACF)
& ACDF & flAafbE 7L — b CTHIET il
2 iz l0) 11T T % ACDF C PEEK 7 — ¥ %
HWiza, BlEEZ1392% T 1) Bk M 12 hig
THEBRERBELTCWAY, 4Elbhbitii3
Hiz 18] 2L _E Hybrid #1235\ C ACDF M o) & ~<—
H— RS EEEE & PEEK 7 — Y TERH S 0
LM 21T o 720 THIET 5.

5 &

R : 200745-20134F (2 3 HEM L1 Hybrid
T BT LA {2 1 4R LD g gE L 75 1E B 1 HE
ERRE Lz, (HLENEONIBRI L 7. EEke
FIEUE 3HEM - 4 HERT =47 4, FRENRIZ CSM:
OPLL =236 : 15Cd - 7=. Hybrid &7 ? ACDF #
WICHRGEZ MR L2221 (BREH) &
PEEK 7 — ¥ % il L 7z30HE M (& — U BE) % g
L7z (BiEREIER 1 | ). &BIZB VT, 4§
W5 MR - REBL EOETEEED Lo,

R HE it 3 4 H AR 2 ZEMEEHE X BTl
IR b RE S 2 et L, MM O AB L & B A

TRERE L7z, WDy A I X 733 »HA, 6
»H, 122020, DRZ1EBETHL. 2L,

T=UHEB D B, 1 REGNHIMN DR D
740 —318HH, 2EMIZ24NHHTH - 7.
£ >»75 > MIABC 7L — b, CeSpace PEEK
r — ¥ (Aesculap, Tuttlingen) ZfEH L, 77— W
[ZIEHRMERE 2R L7z,

®EER ¢

M BWTLUT % st L7z,

i . Demographics
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- 3-lvls d-Ivls |
A 1 "
DS | ARG | g e g | BB | 8B 21:0 | 41y
group crest
C
%8¢ | pEEK cage | 30 cases |62y.0.| 25: 5 20 :10 26:4 1.9 yrs
group
(min) ii. OR time (ml) iii. Blood loss iv. JOA score
OO e 120
= 16 ooemmmm e
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200 14
O —
50 -~ 2
100 0 10

CSM

OPLL

Csm

1
i=iv : not significant in all data.

OPLL

F.U.

Before

ivirecovery ratio:52.6% and 61.0% for the Auto group and the Cage group, respectively.
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v. Period until stabilized

3
101 - R —— B unstabilized
%
% ® other
S0%: == e e
’ 6-12mo
[ 3-6mo
0%
Auto group Cage group 0<3m0

vii. Local lordosis change

(Degree)
*
4 ____________________________________
5 I O Auto
""""""""""""""""""" group
0 ..............
W Cage
B e I group
B
2

v-vii 1 ¥ 1 p<0.01

vi. Period until union

100% W delayed
| other
50% ==
7 6-12mo
0% f33-6mo
Auto group Cage grou
group Cage group 0 <3m0

viii. Case Presentation

viii  Case 1(a, b) : 60 y. 0. male OPLL, C3-6 hybrid ACF(C4 ACF with iliac crest and C5/6 ACDF
with PEEK cage) . a : before op. JIOA =75, b : postop 2 yrs, JOA =17 (R. R. 100% ) with complete bony
fusion. Case 2(c, d) : 79 y. 0. male OPLL, C3-7 hybrid ACF(C3/4 ACDF with PEEK cage and C5-6

ACF with fibula), OR time : 285min, blood loss :

fusion.

1. [EEHEEAEN LR © E e i oz o
B % THIE.

2. BEARY  FROEIITHE.

d. mmmﬁ@m S EED AL ¢ B EMHER O
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4. FEMEJOA A 2 7 HERE (i Al #C R EE0 1T
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1. [EEHERAB LR (R 2 v) @ 5tk 3 2 H

60ml. ¢ : before op, d : postop 2 yrs, complete bony
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0.01).

4. FMEJOA A THER (B 1 iv) @ MHEIZ#E
oY, FEOUEER L.

5. T (=1 i, ii) : CSM fERI & OPLL
JEFI O W AU BT G MR (2 TR & H 1
wDEERBD LI T

FEMI 1 60, OPLL  C3-6Hybrid 12 (C4l5
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Procedures and outcomes of cervical anterior
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Lts ﬁIfif” fifE JOA score 1& 15.5/17 /Sl2ckd®
L, k&g CFERR) 12 75% THho7 (K 3-3),

V., & =

1. APS D& e

FHEHES R A 2 ) 2 — TR ZF 0B IC & B EE
AR M ARG O WEEES S Y, EMER A
) =Rl ASEREN D, ER T EHER THESR

s

HNET 2L E RO,
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REAR /A

L S Yl ek
ERAR T

FEAlAT / BRI HIHEDS -
B 3-2 410 (kfz6 2 H)

A X MR (o e SR O B T B AN AT LT,
B CT RIKMis L TI}\LJT%H%H%‘%O f_}/ix/bkﬁF’ﬂ@ﬁ‘”wl_ﬁliﬁi{ bhTwiadh o7z (KH).

C CT Hilrik.

A7 Y a—HI AN 51 B HES R B 9 13
6.7~29.8% L s TWwBY, Biid ,f_L

EEMIHESRA 7 1) 2 — 2R A 5 )"
HBhH L OEHEHESRA 7 1) 2 —" 1ZH, i\(zk-
EHA P74 ¥ — % HEHESHIZHAT % direct
pedicle insertion 2T V), A f B D% 4l 2
Ve RIETOREFEEEIL 2% LT TH -
- (4),

APSHIATIE, O FHEHROBHIC X S iRHE
R AEOHE, @ HA FT A X —HA S5l

MR OMETH Y, HESREOLOTHL Z
&, @ MWLM CHBATETH L Z &, @ HF
BRIE A A R A Y= AAGRTE R CHALD
FTCHMUNIZFAEL TWB I EI2E D, FHieHET

D REREGE (+)

R/ FEIE AR Tl B o stz o7z (KD,

R 2 & O EEMGE T BT 5 T REEAME L,
(7 B Tl 2 A S 2 PuE L, BIEESL T 12
REIOEFICEET UL, APS I3E &I AT
HETHDH (X5).

2. APSEEMBEDRET 21 X2 bEBR

A
=]

FEHiPH ACCF 221X M4 @ subsidence %%k
CHZEMESNTEY, ThIZBHEERA >
75y b OBEOENIZZED ) B, HEFITL
i F15 5 mm @ subsidence & 3 2.8° DRI E
WA E R LTz, APS (3RS L U BRHER O
MR A FEETHOATH Y, FBhE L EHREMA
REEELTWEREWL, TOLEDICMRIZELS
subsidence * A TEThB Y, BlERA1 77

wh
il

A ——
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3-3 41 MR Gl 24E)
A X HIEmE S,
B XM, R/ EOERoMEEEEED, BEEe L.
C MRI T2 iR K% FROEEIZRIFTH -7z,

@ AL

4 FFEMEHES R 7 1) 2 — 28T W ALk o ik
A K (direct pedicle insertion ) o #ll A SASBHEIHEMRAMEETH b, HESHEADE
Pl A & 2 B o024t (BIRRER) 315w,
B APSand plate fixation'" . #HiE % Bl L CHESRATIAT 2720, 51 F7 4 ¥—

TR TSN ERENS,
C BAMESBRAZY 25, AL, SHESIRE TOEMSEVD, 22 22—
NEAE TP,

¥ POBEEAEE 5 hn—FIZ ko Twh L EX SR BERR /RS M [ O W B 258 AF L T B B
TWwao BECh, BAEE/FEHEERTRNICEES %

F72, APSTIRAZ ) 2 —Hl AP HiE B LT b bERAR K/ HoE
w PHHIHERBIBENITEAE S 2 250 < 0 20720, MAER L ) b RN RME S5 A7

——dfj——
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B o TWwbEERL, HEMTOEEGEIL
RLEWAASIZE L TIE, R EBiEE & EE L
TWRWnI ENPFEL TV LTRENS 5, HE
MToOREEALEELTLE LOALELESHE
W2 BT, FROEFEE LR &% 2 LIERIZ
7, T RRRIR B 12 B A ST BBl & AR B
Td o7z HEFRMEETOFRAILPINIEmT 5
P2 ORI BIEO T e IO TR, 26
B REBRBEIINEEEL TV D,

5 APSo#&ME (k7)) & hErZE)
He B BRI A S VAN 4 L, WL
FFEF GBI A 7200, APS 13504\ A
TIT]J;IE’C%Z)O

6 LW&IZAPSEHRIAT D

(@Rveiie
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V. REICAPS ZRIAT BHDARA 2 b

1. THBRREROHER

M ERB L UAETHCEZEICLY,
W22 42 APS HI AT FETH o L2 LATHI
FHm & EBR ORI AMEIZIL 100 BEDOREZEL
DAHEEA B VT, whe APS AN IEI A BE
DEHHEZ TELRXITRELTILENH D &
B RIS < HEARZBHAI L, AR & HESRAE
DB LN WRIAMEOREIIIEN D L FE
2o, ZeEeA ) a—fACIE+0 %R
MRS B LANETHS (K6A B

2. MASRHEREHAEEAY ) 1—RABE

D—

BRI DVHESROMEETEREL, T2 %
WASE LR, TNERLZLAEIZAY
) 2 — &AL M, HES RSN O fE bk
VEE Do MAHZHRET 2D X MBEHEE
OEBAEL FELTWEAZY 2a—RIAMAE
(50°) L~ L HUEPHL (H6C).

FbbI

4 R ETENE % 52 C T FMT R AT 2 1E APS 1
R ATRETH ), EHi ACCF 28T 5
BB RET I cHoO CERZFETH b,

(a3 O BETE (3 85 87 [ AT /1B & S - 4

foOORA b T & U]
BRIEIRAHE L HIA S SHER R T TOMMEI R, I AMEOR IR,

WE M2 BN L, FA SR HEERANES DI LI L DA MEDOLZEBIIILD %o
a FEOBHCHESHR (RIUf) £2HETS L, MALRARLICE D, b IAOERTHS

WEI T2 LHASITERIC A . a HAOBHTHESREER L 2%, bOMEICA
y ) a—%flATEE, A7V a—3HRREEBELTLE ),
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LA BT T 2 AR
BT DR - BROEES & BB ORI —

1T

1. ZL&IC

IEDEHESNRIERIC BT 228 - IBEOES I3
L., BIZEBHEA VA N VA YT —Y a Y FROHE
Bk, &L EREETEMHEBICHT 2IGEN
HEE & o Tz, AR, BHABRIE T 28
=—RXREBDH B Z L bERTE RV, BEAL
WRERBE 2 A L T 2 K2R T, SHE -
YR 7 FRsENT 2EANEECHS. MXT,
BRI BIREOER S 5. —F, BEMNI,
FEHOHSERE2EIFETZLOCR->T05. &
7z, BEAOHFLBELTWwE. 20 k> kT, F
WOKE - ZEMOA EOTRILETHD, HFLW
EREMORMERALBIRD S T3, FRTRE,
BRI B 1 2281 < IWROEEDESIC DV
T, BBRBIZ R 2 TN L.

2. FHNFE - ReMEmEnidbnIx

BHEA VA Mo VAT — g VEROESL, &
EEEEOES, FET 54 A VOBE, #isE
AEEIC L7z (K1), EBArFEE#e T, C1-2 BEFiE@ER 7

Key words: Spinal instrumentation, Vertebral artery, Navi-
gation, Neuroprotective therapy, Granulocyte-colony stimu-
lating factor

*Recent progress of diagnosis and treatment for intractable
spinal disorders and clinical trials for spinal cord regenera-
tion

% 87 Bl HARBA R ESZMRE (P s, HETHEH

WELTHRRLL.

REAXEFEEZERRZABE SN F. Masashi Yamazaki: Depart-

ment of Orthopaedic Surgery, Faculty of Medicine, Universi-

ty of Tsukuba

FizEtER g2 L

Yaz—(Magerl A7) o—), C2HESRAZ Y 2 —,
ClHMEIBRR 7 V) 2 —, BB R 7Y 2 —, PTMHE
HETIX, SMEIBRA 7)) o — SRR 7Y 2 =2 EH
7roh—ELTHEHRERTWS, A YAy XY
F—yarvOBEARZLY, HiEOHNEEERET
%, BHIcYANEYF—va V2B TE 22 DR
RiRKEV. KE, A7V a2—RAHES #EEFEIK
(vertebral artery, VA)BELZEDV A7 BMZELELT
&z, BE, THABRBECRDOhTWwWEZ L, W
DIZRE R AZ ) a—BFATENTHY,
ZO»iiX, BEORWKE 7 =7 8L UF
WFEESBLEL ENS.

(1) =R CT MEEEIC & 3 BEROETHME

1) LAz

A. HEHIROBRNETEE

C2HEBHR R 7Y 2 —% Magerl A7V 2 —HFIAIZ
BL, RVEEZETIOR, VAOC2EARENT
H5. VAHE - HE - BERWRLIL T» 3 ETR
(VW W 3 high-riding VA) O3EE X 10-20% & &
hn, R’UTENREETEE Cldkw??, Highriding
VAPl fEEEc R 7)) 2 —%2KIAT 3 L, VAEE
2RL, BEOHEIIMBEERE L THICEL AL
HHH20(H2).

High-riding VA OfiiRlFHiiZE & LT, CTH 50
13 CT angiography (CTA) T2 mm X 5 4 AEDE
Rz EET 2 (K 3). BFEENE» S 2 mm S
DAZAATVAIBEHINhTWE &, C2HSIR
A7V 2 —DRIARZIZIZTAIEETH 7.

—(36)—
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D

— ] —

1 THEA VR oA T —3 a v T g B S EE T fE
T - -BREHERRL A, 60 kA, &M, HsSE - BRfERERi . fiTal X &2
& (A) B X U CT BRI ((B). Filiz Cl %5 & C2 et THE s h,
EEOWMETEREZ2ZL TWwie, BHEA YA bo v AT —v a3 yERVE
oA B — R s B EREE 2 EHE L. TP EEC). £C2BXU0A
CAHEBIRRA Z Va—%7vh—tl, A5 mmBE oy FOY AT AZHWT
Sl £ 6 D 12 Cl Bk + &G EMEE T EE (Oce-C4) BATRETH > 7. fiT
BEE D 5 FHEOWE R BIFC, JMEER L CHEERSTRETH -7z, 1T
#% X SR (D), CT £kl (E) B X O C4 @0iACEMHER(F). ik b &E
MHERF R N, BREEEE (C)EoBES TR L. GCAHSIERAZ ) 2—
BHEFEIIRFLICED LT 2 Z L 22 S IEREICHIA ST 3 (REH).

B. HEEBEIROEIEITRE

FAIEHE B 5 VAOBRAETRE & LT3,
persistent lst intersegmental artery ¥ X OF fenestra-
tion WAL EETH 2. ThoDETEESR
By aficiR, MFORME &L THEEITHILE
WBH5(K4).

2z =Xt CTABDCTA) WERTH 5. #EiR
B VA &% MR angiography (MRA) Ti3, & &
BT 2 BEREMITE LW, VA L HHOHE
AOAMBEBEREBNT 2 2 L RETH % (K5).

3DCTA T3, BHE#EE: VA OMERBRF 253
flicx 2R mBREL, LAEHES APy L Ay
7F—¥ a YFEINOMEI 77 v = FieBnwt, TDFE
Rt IZEEETH B,

2) HTALEHE

Ko, VA iz Co B TrEZEiefLicEA 3
5. L»L, hic C7T B cHEZEElicEAT 24
, Mz, C4 H20wix Ch B THEZSEFLICHEAT %
B b FEET 5. BETIECTHESIRRA 2 ) 2 —HIA
DYVAZWBEL D, B-ETIZCS COHESRR 2

—L i }—
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CoHEBIRR T ) 1 —

2 CZHESIRA 27V o —fi| Al OfEEEIRIES D&
[ . Highriding VA T3 C1-C2 BISTEEA 7V 2 —
DOHEST C2HESIRA 7 ) o —RIAICEL CHHEES)
IRIEES (%) DfEBRELSE £ 5. G 1 2 6 —5diZr]

3 High-riding VA OffiEHM /7. CT angiography Fokird A 5 A A
BN IER AT &3 5 (A). BREENG, 2 mm 4], 4 mmAMllo A5 4 2 %
FHi 3 2 (B). A&H1Cix 4 mm M CHEEBIIRFLOSEH S T % (RED . 2 mm
HEID A Z 4 A THEEBIIRFLAEBEICH B S TwaEE1E, C2HESIRR 7
Y 2 —QRIAZIZIZTRETH 2. UK 4 > 5 —FFeiZ]

V2 —REZRIAFBETH B 720, iiERIic bk
& T 5.

CT OAFMBRT, BIGELEZAI A 74 ZAMBE
e, FROETEEE2HLBEEIAZ ) —=
Y/ TE L. CTHZEERILIE, HEEIZ VA2SES 2w
TOFEMHL TWBEE, ThKRERILELTHEET S
Bk, VAR CT oA L T 3 aREEASE LY.

3) Makfes X OOHEHE

R HEBEHE S o IR A e i 217 5 Bz, &
HERTH ORIME OFETRHli2SLECH 5. 3DCTA AT
5 Z ik, KR E BHEOIER R % NE T S

5. & 61T, SEEIIROET b FNCFHRET H
2. [EHESE T, 3DCTA OfFEB LI UF—2 8
LRSS 2Lk, KERD A% 63 FARIR
PIREOETHHHTE 2 (M6). ZOEHRIZ, B
HiAEAD7 Tuo—FIKBELT, ELOTHATH
5.

(2) Image fusion 3K(C & 2B HIROEH

BRI TR, BATH 4 L, SR % R
& U 72 Bl o VA FEFTREMNC B L T i3 image fu-
sionIEREHTH 2. A—FuTlHRELLCT &

=={ 38 }—
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4 Persistent 1st intersegmental artery #iliz B8 2B DR, 60

5, B, ST - REHETE A L 2 FEEE. Cl 25Uk + 55
BEMEE GEEM 2 5HE L7z, =Rt CT IEE# (B3DCTA) (A). &
Ml D HEF Bk S persistent 1st intersegmental artery T& - 7= (%&HH).
i ERZ M EE (B). C1-C2 f#ES oA M 2% 2Bl o )
RAEIL 72 (). HEEEIIRZIEEG L 2V X 5 HEICHTE o R 2 £
®, FHHEE BV T EfifT T /2.

5 HMMATLIC & % persistent Ist intersegmental 6 IJEHEC B j % 3DCTAFiR. W HEB L UT—

artery OOfithl. SERAMERBIRERL (A), MR angiogra- ERETRT 22 LIck D, KBIRGRE) DaHz ST
phy (B), CT angiography A-F#ii&(C) 3.1 U SDCTA TR (1) IRAE (Fef) AT b T % 5. AP
(D). ZKHHA? persistent 1st intersegmental artery O VI U 1 0 S M B T 21T o 72 28, BTATHE
fLictiE 4 5. 3SDCTA #Aw3s Z LT, #E#IK: 2 AT Fa—F LT, ZOBEHNEbdTERTH-
NICBHE S 2 BB EROMEBER 2 FIcti T s, 7.

IR WS FIRE & 25 5 7z,

(3) BHEMSIRR 2 1) 2—(C3-C6) &£ - FEREIC
MRA & 7 — % % & L T fusion Bk 2T 2 = RIATZIR
L2k, 3DCTA ITltitd 232825 2 LA 1) KRH¥ESRAT & M X UYMEIRI Y]
BETH? (). C3-C6 L TSR 7 ) 2 —FIA DA DM

={ 3 }—
— 168 —



— 240 =— H¥&£2k (J. Jpn. Orthop. Assoc.) 89 (4) 2015

-

R7 HeEBkO fusion E{k (CT+MR angiography). [E—#{L TR L
72 CT & MR angiography @7 —#% #&K7T 5 C L2k D, 3DCTA IcVEik
T LI GEERTE 3.

8 FMEMESIRA 7V 2 —(C3-CO)RIARFD IR, MHEE(A). AEERAF
AERTEERL, S5 SMIRIEET(RED 2INA 5 & TRIAAEOREE »44
¥ HESROEEHE (B). AFWHE D A% & FRRITEHOMSEA bFEL T

ERRE SRS 5 2 & T, ERHESREIRGR (RE) 2Hlicx 2.

Rz VABBORBREYETH . Frc, SRR 2
V2 —RIAOABICOWT, EOREDHIHE A
ATl HI2BEOBEENECLZ LRI SsAE
V. bhvbild, KERM & AEH2HBCHRL
FIAfAEOREER_ EIcEDTWw3BY(8).

ERD YO AT, BEROMAOET IS, A
2 ) a— R IEMERAETIHMINCHR> TRIAT 2 Z & 53
LIZUITHEEE 2 2. ZofffER, #MELz BR8] %
25 ETHETEBZV(X ).

2) IERE 2 HE S ARG Gt

HESARA 7 ) 2 — D@D FEHE & LT, RIARFTR
nHFehs. iz C3-C6 HhiTlx, VAESE2EN
2H%0, RIASPAENICRM T 2EARH 5.
C3-CoHESIRA 7V = —DRIAIIZBEL T, FIASZIE

HECED 272011k, HESARO IEMEZ Bl R % e 5
BZEHNEETHS (M) BREBEDEMFCEL T
1%, ACEEO A7 o FRRTHIC B 2#SHEA S
EIRICANBLEDH 5.

(4) ERTEHER AP OLMIIFRS I 20—
Y3y, RS — 3>
HHEFMICEEL T, RS2 s itE gL ¢
W3 ZENEETHS. bhbild, BEEHENTIER
DRI B T, Mgt o JEEBIFATEICEE L T,
HEFD CT 7—% % b LI = RICFEEHEE 2FRIL,
FMF7r=v7, FMivyiav—yvarEfToTs
fo. &6, IR LT ENLbT stk B
FEF—vavERiTn, FHoERLcEdTE

i 4l }—
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A B

— 21—

9 =ERTEMEHNC X AT Y-y 3 Y ERTh - BT
. 50 BEd, i, BEETY o~ e e LS. RSEE
MR EEMMETES 2 BTo y PR L 77 o BFRiT2 5. &
el X AREE SR (A). oy FEEESR(RED. P EEB) B LU=EX
TEEMET (C). FBETERIE L\aizw, TR o Bl i HR
Wrehote, 72T, it ZRITEEER LITF 205 L et o
EERAIEEL, B 2ED . o ClESAE(KHE) o RBRIC,
BRI LA ey —ya v ERTH- T2

7"—: 12)718)_
ERTCEMER 2 A WTARIFER Y S 2 v—va v
kY, BAERRSFTEE R SERNCIL TS Z LA AEE
Lol B, BEREEEATES YA My AY
T—¥ayOHEEHE BRELFEEBIMCRNTE, %
OFABERERLELY. £, ZRICERER Iz
LT, FBEFYVERCCHHEBYERTI gk
D, BAHIGERT & Bl X OHHER L o IR R BB
BT 2 Z L D[RR L A o J2 121018,

iy —sarv e LT, s emsi ey
22k, FERTIIERMER L Bbh 8L
HLTHEHEEZR > TEM2ED L LNTEL. B
w, NRBI BRERS, MEREEEES, BT
B CRERETZ R DY L WEIOATE o R T, HEliz
X affithr ey —y a vBE b TEYTH - 12PW
(B49). HSRAZ ) 2 —DRIASDOREELTY,
ZDEREEERL 9,

(5) BEHERTHHESIRRA 2 ) 2 — &AW -REERTH
FREREFEMOETR

B G BREEE M B e ER 2 EERET S
LENIAARTH 528, 3 ML EDOSHERFM Tlx
BHEEORIEEECPTw. B 7 r— NEER 2 #

MEEE TIREHRTH 2, 3HMELEOREE I
1o B A RBAEE O HARL ZRINL T, FicRMA
WESBEI A BRIEL 2T 0O, FEROSIHEREEL
Thhbhix, 3HMEAULOBEETE v —28H
BT, ho—R b EEZERE LT 8 BT
LS BEERT-oTERLY. Larl, MEEHAEO
Na—~Z bEERBEOAEESKE W, EFICE L
D EE S, BHERTAREREROF S 2R 2575
b, NE—~RR b EEEET T QBB TR EE
BT E S, MSRAEMR2ERL T,
bhvbhid, ZORESZFERT L2012, HHERM
BT ABREEEM 2 B 1 2 BAEBWEER & L CHIGHE
BIRA 27 ) 2 —ERBR LK 10). 53 cfiral
FHE 23 CCIT 2RI AMESIRA 7 VU 2 — el
AHRETH 5. HIAHESIERA 7)) 2 —kEHAT 52
kb, ZHEERETAEZEGNC BT b BE LB E
OEFEHSFHETH D, MRIc T —~ A EE % HFH
9 & b REHERTARERESIRE L 2> T 592,

3. BHEBEDERFER

(1) F\EfEkO 0= —REETF %AW i-aREERE
DEMEER B FERAREER
HERIER 2 o = —HlliEA T (granulocyte-colony stim-
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ulating factor, G-CSF) \ZIMERRICEF 3 2 BE5EAF
Thh, FERERFMEOSME - H55E - EFEEER YD
fERZE T 5%, XTIk, AMERFAES X 0K
MEHIIEREARE N - — 120 L € 0B EL R iThb i
Twa. —7%, kEofERLsz, G-CSF ikl
A 0 U T OB EEREE T2 2 Lo nT
BY, S OLATEZEC IR 2 KRR R
EhTw3® ZhsomE»s, bivbihid G-CSF
DHEGERIOE LT MR FA 26 T2 L IR
MBI TIz. LT, ZOEBRESELT 3-8, b
bhizovy b B>y R0BFHEEGEET v IZ
G-CSF 0¥ 5 %21{To7 £ 2 3, #E5%ICBIFEEEDS
ARIYE L. &skbhbhid, G-CSF oifEE
BECHT 2 EFE cOw TR 2. BEET

o 10 RIAHESIRA 7V o — % B - R ESHERT A
bl T E ARG AT 50 Bk A, Sk C3-C6 i1k
(OPLL), flTmiH %< 5% 115 £ fitHi CT myelogram
R R (A), ZKFES& (B). OPLL 1k K-line Eizdh » K-
line(—) Bz 43 4H & 7z, C4, C5, C6 DRI LRE, Bk
B Fotk, HEMPEE%® C3-CTIicfA L C4, C5, C6RIA
) HESIRA 27 ) a—IcTREIZE L (O). i X Bl D),
CT &k (E) 3 & OCACFERR (F). B OFREE X
RBIFchY, AiAHEBSRERA 27 ) 2 —0fALNETH -
Jo. BFEETREND R MNEERLEE Uk o7z, T
1l FORFRTHESSE 16 5, EERRLUTH B.

o7 —o»5, OGCSFic X hEIEX -
B SHlE» FHEE S cEE 2, @QEEMNICH
EIAEZE 243 2, @ oligodendrocyte OHIfIFE %
i L BERE = RS 5, OKIEMEY A b A 1 >~ (TNF-
a, IL-18) F#EH 2i0H4 2, ®MERE2EET 3,
EWVWIFIRMBEHS L5 722 (] 11).

s DRl sbhbiid, SEHERERGES
B & AN EEE R EEEEE IO 2R L L
To® G-CSF 0oZ&t, BRMEEIHET 2 /- » DER
FHAHFERPIFCEFE T 2 0 E o 7. B
%F HW & 7 % Phase I/Ila PR SXER 12 2008 46 A
whitg e, B 1ER® G-CSF 5 ug/kg/HD 5 H
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ABSTRACT

Purpose To determine whether gait training with a hybrid assistive limb (HAL) as an exoskeleton
robotic device was safe and could increase functional mobility and gait ability in subacute stroke
patients. Methods The participants were eight patients with post-stroke hemiparesis whose
walking impairment and gait recovery curves had plateaued. The intervention program was gait
training using HAL and a walker for 20 min daily 5 days a week for 5 weeks. The 10-m maximum
walking speed (MWS), self-selected walking speed (SWS) and 2-min-walk test (2MT) without HAL
were used as primary outcome measures to determine the effects of training. The Berg Balance
Scale (BBS), Fugl-Meyer Assessment of Motor Recovery after Stroke (FMA) and functional
ambulation category (FAC) were assessed as secondary outcomes. These measures were assessed
before and after the 5-week intervention program and were analyzed statistically using a paired
t-test. Results All eight participants completed the intervention program with no adverse events.
There were significant increases in MWS, SWS and 2MT. BBS, FMA and FAC also increased, but not
significantly. Conclusion The new HAL exoskeleton robotic device was efficient and safe for
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improving motor function and gait in patients in the subacute stage after stroke.

> IMPLICATIONS FOR REHABILITATION

e Gait training using HAL will improve gait ability of individuals with post stroke.
e The HAL achieve intensive gait training without increase spasticity and abnormal gait pattern.

Introduction

In recent years, several robotic devices have been
developed and used for rehabilitation training of indi-
viduals with hemiparesis after stroke.[1] These devices
are computer controlled to improve lower limb move-
ment - especially gait. Mehrholz and Pohl, in a system-
atic review of 18 trials,[2] compared the effects of gait
training after stroke in two groups using electromech-
anical devices. One was an end-effector device in which
the patient's feet were placed on foot-plates, the
trajectories of which simulated the stance and swing
phases during gait training. The other was an exoskel-
eton device outfitted with a programmable drive or
passive elements that moved the knees and hips during
the phases of gait. They found significantly higher rates
of independent walking with end-effector treatment
than with exoskeleton-based training.

The Hybrid Assistive Limb (HAL: Cyberdyne,
Tsukuba Japan) is an exoskeleton robotic device that
interactively provides motion according to the wearer’s
voluntary drive.[3] HAL detects either the bioelectric
signals generated by the patient’s muscle activity or the
floor-reaction-force signals caused by the patient’s
intended weight shift, or both. HAL enables locomotor
training by providing motion support in response to the
user’s voluntary drive, and it has the advantages of both
voluntary drive and ambulatory performance. In con-
trast, other exoskeletal devices subject the user to
autonomously generated predefined motion. The HAL
assistance mechanism is therefore completely different
from those of other exoskeletons. In addition, other
exoskeletons are designed for walking on a treadmill;
therefore, they provide a simulated gait that differs from
that of walking on a flat floor. In contrast, as a wearable
system, HAL delivers locomotor training in a real-life
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ambulatory environment. There have been several
studies of the training effects of HAL in chronic spinal
cord injury or chronic hemiplegia after stroke. Kubota
et al. [4] investigated the feasibility of rehabilitation
training with HAL in patients with limited mobility,
including those with chronic stroke. They reported
significant improvements in gait speed after gait training
with HAL. This was the first study to report the effects of
HAL training. Kawamoto et al. [5] also investigated the
feasibility of HAL training in chronic stroke patients,
comparing gait speed improvement between depend-
ent and independent ambulatory groups. They found
significant improvements in gait speed after gait training
with HAL. Gait speed, cadence and balance improved in
dependent ambulators, whereas only balance improved
in independent ambulators, after HAL training.

In a study of recovery periods, Nilsson et al. [6]
investigated intensive gait training with HAL soon after
stroke as part of a regular inpatient rehabilitation
program for hemiplegic patients with severely impaired
gait. The training was well tolerated, with no serious
adverse events, and all patients showed improved
walking ability. In addition, Watanabe et al. [7] reported
that a HAL gait training program could improve inde-
pendent walking more efficiently than conventional gait
training in hemiplegic patients in the recovery stage.
However, these studies have not examined significant
changes in objective data such as walking speed. In this
early recovery stage, natural recovery occurs with the
assistance of routine rehabilitation, and there are few
destabilizing factors such as post-stroke depression
affecting mobility performance. It is therefore difficult to
clarify the intervention effect of HAL training at this stage.

Here, we therefore focused on the late recovery stage
in which motor recovery had plateaued. Our aim was to
determine whether gait training with HAL was safe and
could increase functional mobility and gait ability in
patients in the late recovery stage of stroke.

Methods

Participants

The participants were post-stroke patients admitted to a
recovery-phase rehabilitation ward at the Ibaraki
Prefectural University of Health Sciences Hospital
between October 2013 and April 2014. The inclusion
criteria were (1) hemiparesis resulting from unilateral
ischemic or hemorrhagic first stroke; (2) time since stroke
onset <6 months; and (3) ability to sit in a wheelchair for
at least 30 min. The exclusion criteria were (1) lesion of
the cerebellum or brain stem; (2) subarachnoid hemor-
rhage; (3) inability to receive concurrent physical ther-
apy; (4) severe cognitive dysfunction; (5) severe higher

brain dysfunction; (6) severe sensory aphasia; (7) severe
contracture and deformity of the lower limb; (8) a score
of 0 on the Functional Ambulation Category (FAC); and
(9) inability to fit the size of the robotic orthosis.

Seventeen patients were admitted during the study
period. Four were excluded due to physical issues
(ataxia, inappropriate size for the orthosis, insufficient
endurance and improvement of walking ability), two
were excluded because of cognitive problems and one
was excluded because the carer decided that the
participant should not attend. A total of 10 patients
participated in this study.

Study protocol

Maximum walking speed over 10 m (MWS) was
measured once every week from admission onward.
[8,91 We then calculated the MWS for (preceding 2
weeks + previous week + present week)/3 to give the
moving average data for the present week. These data
were then used to calculate the ratio of recovery of MWS
compared with that in the previous week. If the recovery
ratio of MWS was <10%, <5% and <5% over 3
continuous weeks, a HAL training period was started
(Figure 1).

Smoothing Procedure of Walking Speed

D-1
MWS A

Do

A A Low data

3 weeks Average
=(Do+D-1+D-2) ~3
Weeks since onset

- . _ di—d(i-1)
Recovery ratio: Adi _—r-’fri—U =% 100

At the continuous 3 weeks
Adl <10% , A4d2<5% , 4d3<5%

L

HAL intervention start

Figure 1. How to decide to start a HAL intervention period.
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Hybrid assistive limb (HAL) training was performed for
five sessions a week over 5 weeks (excluding holidays or
other days on which training could not be given), giving
a total of 20-25 sessions. In the training session, patients
used the HAL single-leg model on the lower limb of the
affected side. They were also placed into the mobile
suspension system harness of a walker (All-In-One
Walking Trainer, Ropox A/S, Neestved Denmark;
Figure 2) to stop them falling. In the gait training with
HAL, the physiotherapist kept the walker’s speed as fast
as possible so as to maintain a good gait pattern
uninterrupted by trick movements due to muscle
spasticity. The net walking time was 20 min per session.
HAL training was conducted by experienced physiother-
apists licensed to use HAL. During the HAL training
period, patients received their usual 40-min conven-
tional physiotherapy plus the 20 min of HAL training five
times a week. Before and after the HAL training period
the patients instead received 60 min of conventional
physiotherapy five times a week.

Physiotherapists were allocated to three groups,
namely, those who performed the conventional physical
therapy, those who performed the assessment and those
who performed the HAL intervention.

Assessment

The primary outcome measures were MWS,[8,9] self-
selected walking speed over 10 m (SWS) [9] and the

Figure 2. lllustration of training.
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2-min-walk test (2MT).[10] These measures were
assessed once a week from admission to discharge.
Secondary outcome measures were assessed at admis-
sion, before the HAL training period and after the HAL
training period. These measures were the functional
ambulation category (FAQ),[11] the lower-extremity
score in Fugl-Meyer Assessment of Motor Recovery
after Stroke (FMA),[12] the Berg Balance Scale (BBS),[13]
step length and cadence during the SWS and the
physiological cost index (PCI).[14] For the assessment of
walking speed, patients walked along a 16-m walkway.
MWS or SWS was measured after the patient had
covered half of the required 10-m distance. (The initial
3-m section and the terminal 3-m section were excluded
to allow for acceleration and deceleration, respectively.)
Step length and cadence were also assessed in the SWS.
Patients could use the appropriate walking aids or
orthoses, or both, throughout all measurements. MWS
was measured in three trials and the data from the
fastest trial were used. A therapist supported the subject
as necessary. Motor impairment was evaluated with the
lower extremity FMA, which is a valid and reliable
measure in patients post-stroke. The modified Rankin
Scale (mRS) [15] was used at admission to assess
stroke severity in general terms. All assessment measures
and the times when they were recorded are listed
in Table 1.

All primary and secondary outcomes were assessed
on a HAL training day but before the HAL was attached.
All measurements were done by a physiotherapist
member of the assessment group using standardized
assessment procedures. The ethics committees of the
Ibaraki Prefectural University of Health Sciences
approved the study, and written informed consent to
participate was given by all subjects or their legal
representatives. This study was part of a research project
with a protocol registered with the UMIN Clinical Trials
Registry (UMIN 000012760).

Statistical analysis

To evaluate the feasibility of gait training using HAL,
we compared the outcome measures between pre- and
post-training using a paired t-test. The level of statis-
tical significance for all measures was set at p<0.05.
The effect size (ES) 6 =(u; — pp)/cy, where py and p,
are the means at pre- and post-training, respectively,
and o, is the standard deviation at pre-training.[16]
Guidelines for interpreting an effect size are 0.2 for
small, 0.5 to 0.6 for moderate, and 0.8 to 1.0 for large
changes.[17,18] All statistical analyses were per-
formed with SPSS software version 19.0 (SPSS Inc,
Chicago, IL).
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Table 1. Assessment measures and that timing.

Once a week Pre-HAL Post-HAL
Measure Abbreviation On admission until HAL start period period
Modified Rankin Scale mRS @) O O
Maximum Walking Speed MwWs O O O O
Self-selected Walking Speed Sws O O O O
2-min-Walk Test 2MT O O O O
Functional Ambulation Category FAC O O O
Berg Balance Scale BBS O O O
L/E score in Fugl-Meyer Assessment of Motor Recovery after Stroke FMA O O O
Physiological Cost Index PCl @) O O
Cadence O O O
Stride length O O O
Table 2. Characteristic of subjects.
; ieci mRS FAC
Paralysis onset to HAL onset to Admission to _—
Subject Age Sex Diagnosis side start (day) Admission (day) HAL start (day) onset at HAL start at HAL start
A 73 M | Rt 108 35 73 4 3 3
B 48 M B Rt 115 39 76 4 3 3
C 58 M B Lt 129 30 929 5 3 3
D 76 M | Lt 129 49 80 5 4 2
E 26 F B Rt 160 48 112 5 3 5
F 76 M | Rt 159 41 118 5 4 3
G 56 F B Rt 132 35 97 5 4 3
H 56 F B Lt 129 17 112 5 3 3
Average 58.6 132.6 36.8 95.9
SD 16.91 18.52 10.29 17.69

Diagnosis I: Infarction; B: Bleeding; mRS: modified Rankin Scale; FAC: Functional Ambulation Categories.

Results

Two of the 10 participants could not complete the
predetermined number of sessions (in one case due to
lower extremity pain and in the other for personal
reasons). Eight participants completed the intervention
program with no adverse events. Among these partici-
pants, the age was 26-76 years old (58.6 SD 16.91 years
old), the period from stoke onset to the start of HAL
intervention was 108-160 days (132.6 SD 18.52 days);
that from onset to admission was 17-49 days (36.8 SD
10.29 days), and that from admission to the start of HAL
intervention was 73-118 days (959 SD 17.69). At
admission, the mRS score for all eight participants was
4 (Table 2).

Hybrid assistive limb (HAL) treatment increased the
MWS from 49.8 SD 20.10 to 61.4 SD 26.64 m/min,
the SWS from 38.6 SD 17.21 to 50.0 SD 20.30 m/min and
the 2MT from 78.9 SD 33.26 to 100.1 SD 40.58 m. The
mean differences in MWS, SWS and 2MT were 11.6 SD
10.62 m/min (p=0.018, ES=0.58), 11.5 SD 5.43 m/min
(p=0.001, ES=0.67) and 21.2 SD 12.44 m (p=0.002,
ES=0.64). The cadence and stride length also increased,
from 84.4 SD 17.92 to 96.2 SD 19.24 steps/min and from
0.44 SD 0.131 to 0.51 SD 0.151 m, respectively. The mean
differences in cadence and stride length were 11.8 SD
3.08 steps/min (p =0.000, ES = 0.66) and 0.07 SD 0.050 m
(p=0.005, ES=0.52; Table 3), respectively. The BBS

(46.4 SD 6.57 to 48.8 SD 7.82), FMA (23.8 SD 3.69 to 24.5
SD 4.34), FAC (3.1 SD 0.84 to 3.5 SD 0.93) and PCI (0.68
SD 0.42 to 0.52 SD 0.34 beats/min) also improved, but
not significantly (Table 4).

Discussion

Our results showed that all indices of walking ability
were significantly improved, with moderate effect sizes
of 0.58 (MWS), 0.67 (SWS) and 0.64 (2MT). Tilson et al.
[19] reported that the minimum clinically important
difference (MCID) in SWS over 10 m was 0.16 m/s (9.6 m/
min) in patients with post-stroke hemiplegia. Perera
et al. [20] reported that the MCID according to the effect
size was small (ES=0.2) at a gait speed of 0.06 m/s (3.6
m/min) and substantial (ES=0.5) at 0.14 m/s (8.4 m/
min). Our results showed an average improvement of
11.5 m/min (ES=0.67) in SWS; this was similar to the
moderate effect and MCID in other previous studies.
Therefore, we showed here that HAL training was
effective in further improving walking ability in patients
with post-stroke hemiplegia in whom recovery of
walking ability had reached a plateau. On the other
hand, the FMA, a functional index that represents the
degree of recovery from paralysis, did not improve
significantly. HAL gait training provided limited improve-
ment that influenced the FMA scores in patients who
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Table 3. Comparison of gait ability between pre and post HAL intervention.

Descriptive walking assessment

FAC

stride length (m)

Cadence (steps/min)
Pre

m)

2MT (
Pre

SWS (m/min)

MWS

post

pre

Pre Post

Post

Post

Pre

Post

Post Pre Post

Pre

Subject

T-Cane, P-AFO independent in ward T-Cane, P-AFO independent in hospital

0.59
0.59
0.63
0.37
0.71
0.29
0.56
0.36

0.50
0.50
0.48
0.29
0.67
0.30
0.50
0.32

84.4

77.8 35.2 49.7 73.7 1050 704
94.2

60.9

No-Cane, AFO independent in hospital
T-Cane, independent in hospital
Quad cane, AFO with assist

T-Cane, P-AFO independent in ward

T-Cane independent in ward
Quad cane, AFO with assist

90.7

82.8

62.6 41.4 533 77.4

52.1

91.2

68.3 36.5 57.0 72.5 107.1 767
48.1

40.7

60.8

53.6

24.8 15.3 225 326

225

T-Cane, P-AFO independent community

T-cane, AFO with visual assist

T-Cane, P-AFO independent in hospital

T-cane, AFO with visual assist

119.0
97.7

107.9
84.4

1485 1782
61.9

62.9

85.0
28.7

1103 733

36.9

90.2

255

434

T-cane, AFO independent in ward

T-cane, AFO with visual assist

1187
106.9

66.2 51.5 65.9 96.2 1271 103.1

52.7

T-cane, AFO independent in ward

T-cane, AFO independent in ward

44.2 31.0 38.2 67.9 793 6.1

36.1

35

0.51 3.1

96.2 0.45

49.8 61.4 38.6 50.0 789 100.1 844
40.58

Mean
SD

0.93

0.131 0.151 0.84

19.24

17.91

2664 16.87 2030 33.26

20.10

0.080

P

0.005

P

0.000

P=

0.002

P

0.001

p=

0.018

P

0.45

ES

0.52
MWS: Maximum Walking Speed; SWS: Self selected Walking Speed; 2MT: 2 Minutes walk Test; FAC: Functional Amblation Categories; AFO: Ankle Foot Orthosis; P-AFO: Plastic Ankle Foot Orthosis.

ES

0.66

ES

0.64

ES

ES=0.67

0.58

ES
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started training about 20 weeks after the onset of stroke.
Likewise, the BBS, an index of balance function, did not
improve significantly, probably due to the ceiling effect.

In our previous study, we found that HAL training
enabled the lower extremities to bear more weight
during walking, thus improving bilateral symmetry and
balance ability in patients with chronic paraparesis due to
spinal cord injury.[21] Some studies have reported that
balance ability helps greatly to improve walking ability in
patients with hemiplegia.[22,23] We need to further
analyze the data obtained here to examine the symme-
tries of gait and weight bearing. Analysis in terms of time
and distance factors showed no trend in improvement in
walking speed because the factors that could have
contributed to the improvement, including extended
stride length and increased step rate, varied.

In the HAL training, all patients used a walker with a
harness in a mobile suspension system. For many
patients walking with the usual T-cane or multi-point
cane it was too difficult to operate the cane and swing
the leg simultaneously. The continuity of walking was
thus broken. The harness walker system, however,
enabled patients to walk continuously without risk of
falling. Therefore, the use of this system played an
important role in enhancing the training effect. In
addition, to maximize the assist mechanism of HAL,
physiotherapists operated the walker so that patients
walked faster than the usual comfortable walking speed.
Capo-Lugo et al. [24] reported that training with a robot
that provided an environment in which patients could
walk faster than usual without falling improved their
walking ability. In conventional training, however, if
patients try to walk faster, the associated reaction
increases muscle tone, leading to a loss of smooth
movement of the lower extremities. Furthermore,
reduced knee flexion due to spasticity of the extensor
muscles of the knee during the swing phase may cause
compensatory abnormal walking patterns such as
circumduction gait, or falls from tripping. In contrast,
HAL enables the level of assistance with both flexion and
extension to be set. Increasing the assist level in knee
flexion during the swing phase gives a smooth swing
phase, thus increasing the walking speed while main-
taining a good walking pattern. This intensive training
may have contributed to the improved walking speed in
our subjects.

Various issues can confound the results of studies of
robotics training in stroke rehabilitation. These issues
include rapid spontaneous recovery during the acute
phase and the early recovery phase [25-32]; a variety of
pathological conditions; and fluctuant factors, such as
daily conditions, post-stroke depression and cognitive
problems. We should therefore take these issues into
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Table 4. Comparison of functional ability between pre and post HAL intervention.

BBS FMA PCl (beat/min)

Subject Pre Post Pre Post Pre Post
A 48.0 56.0 25.0 27.0 0.35 0.29
B 50.0 53.0 20.0 20.0 0.23 0.20
C 48.0 52.0 30.0 320 0.58 0.30
D 320 33.0 23.0 220 0.68 0.37
E 55.0 56.0 23.0 240 0.86 0.95
F 46.0 42.0 20.0 19.0 0.16 0.36
G 47.0 49.0 28.0 28.0 1.24 0.55
H 45.0 49.0 21.0 24.0 1.24 1.10
Mean 46.4 48.8 238 245 0.68 0.52
SD 6.57 7.82 3.69 434 0.42 0.34

P=0.090 P=0.197 P=0.166

ES=0.36 ES=0.20 ES=-0.36

FMA: Lower-extremity score in Fugl-Meyer Assessment of Motor Recovery after Stroke; BBS: Berg Balance

Scale.

consideration in designing studies of robotics training in
stroke rehabilitation. From this perspective, a large
sample size is required to show the effects of robotics
training in randomized controlled studies. We therefore
conducted a pilot study in which the intervention
started when recovery of the patients’ walking ability
with conventional rehabilitation had plateaued. In this
design, it was most important to determine when
recovery had plateaued. The Copenhagen Stroke Study
by Jorgensen et al. [25-27], a representative large-scale
study of stroke recovery, showed that neurological
recovery plateaued at 11 weeks on average (range:
6.5-13 weeks); recovery of activities of daily living
plateaued at 12.5 weeks on average (range: 8.5-20
weeks); and the time required to achieve optimal
walking ability was 4-11 weeks. However, walking ability
in the recovery phase was only roughly assessed in the
Copenhagen study. Smith et al. [28] reported that gait
function in patients with hemiplegia plateaued 17 weeks
after the onset of hemiplegia. Duncan et al. [29] showed
that most of the indices of motor function in patients
with post-stroke hemiplegia plateaued 30 days after the
onset of hemiplegia. The speed of recovery of motor
function in patients with hemiplegia is interactively
influenced by a variety of factors and differs according to
the severity of the hemiplegia.[30,31] We therefore
employed a method in which the plateau of walking
ability was determined by each individual patient. This
method was challenging, because no criteria were
available for determining the plateau. The time when
the improvement ratio of walking speed, measured
weekly, met arbitrarily set standards was therefore
defined as a plateau for determining the starting point
of the intervention. Total physiotherapy time with or
without HAL intervention was 60 min, and the effects of
HAL training were determined by comparison between
before and after the intervention period. Therefore, we

believe that our study deserves consideration even
though it did not include a control group.

One patient dropped out during the intervention
period because of pain that developed in the lower
extremity during the HAL sessions. This pain developed
mainly in the lateral and medial ankle dorsiflexor
muscles. Even when patients are walking at a speed
that is beyond their ability, their hip and knee joints
can move smoothly when assisted by HAL. In the
patient who dropped out of the study, however,
overactivity of the muscles around the ankle joints
may have occurred in the process of maintaining
balance, thus resulting in pain. We should therefore
consider this point when using HAL in patients with
post-stroke hemiplegia.

The process of recovery from post-stroke paralysis
involves an initial flaccid paralysis period, a synergistic
movement-predominant period, and then isolation from
synergistic movement.[32] Current rehabilitation prac-
tice — particularly in physiotherapy to improve walking
ability — is to force patients to perform walking training
with compensatory walking patterns according to their
degree of paralysis. This poses an obstacle to improving
walking ability, because it is difficult for patients to break
away from deep-seated compensatory walking patterns
even after their paralysis starts to improve. HAL can
assist movements using very little voluntary muscle
activity as a trigger, even in patients with severe
paralysis. Therefore, gait training using a combination
of HAL and a walker with a harness in a mobile
suspension system can be started early, at which stage
conventional procedures cannot provide even sufficient
standing training in patients with severe paralysis. If
walking training with HAL can be started early, patients
can improve their ability to walk with a good pattern
without having difficulty breaking away from a com-
pensatory walking pattern.
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Our HAL-assisted gait training in patients with post-
stroke hemiplegia whose walking ability had plateaued
further improved their walking ability. In future, we need
to perform a controlled study to examine the efficacy of
gait training using HAL in this phase.
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The voluntary driven exoskeleton Hybrid
Assistive Limb (HAL) for postoperative training
of thoracic ossification of the posterior
longitudinal ligament: a case report
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Context: The hybrid assistive limb (HAL) is a wearable robot suit that assists in voluntary control of knee and hip
joint motion by detecting bioelectric signals on the surface of the skin with high sensitivity. HAL has been
reported to be effective for functional recovery in motor impairments. However, few reports have revealed the
utility of HAL for patients who have undergone surgery for thoracic ossification of the posterior longitudinal
ligament (thoracic OPLL). Herein, we present a postoperative thoracic OPLL patient who showed remarkable
functional recovery after training with HAL.

Findings: A 63-year-old woman, who could not walk due to muscle weakness before surgery, underwent
posterior decompression and fusion. Paralysis was re-aggravated after the initial postoperative rising. We
diagnosed that paralysis was due to residual compression from the anterior lesion and microinstability after
posterior fixation, and prescribed bed rest for a further 3 weeks. The incomplete paralysis gradually
recovered, and walking training with HAL was started on postoperative day 44 in addition to standard
physical therapy. The patient underwent 10 sessions of HAL training until discharge on postoperative day 73.
Results of a 10-m walk test were assessed after every session, and the patient's speed and cadence
markedly improved. At discharge, the patient could walk with 2 crutches and no assistance. Furthermore, no
adverse events associated with HAL training occurred.

Conclusion: HAL training for postoperative thoracic OPLL patients may enhance improvement in walking ability,
even if severe impairment of ambulation and muscle weakness exist preoperatively.

Keywords: Ambulation difficulty, Ossification of the posterior longitudinal ligament of the spine, Postoperative procedures, Recovery of function, Robotics.

Introduction through a computer and assisted motions are provided

The hybrid assistive limb (HAL) is a wearable robot suit
that assists in voluntary control of knee and hip joint
motion (Fig. 1). Signals from force-pressure sensors in
the shoes and muscle action potentials detected through
electrodes on the surface of the skin are processed
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to the patient. Power units on the hip and knee joints
on both sides consist of angular sensors and actuators,
and the control system consists of a cybernic voluntary
control and a cybernic autonomous control subsystem. '

HAL has been reported to be useful in the functional
recovery of various mobility disorders.”> Studies have
shown successful outcomes for mobility disorders in
the chronic phase or maintenance phase, but there are
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Control unit

Power Unit
(Angle sensor, Actuator)

Force pressure sensor

Figure 1. Voluntarily driven exoskeleton hybrid assistive limb
(HAL). The HAL has power units on the hip and knee joints on
both sides; the power units consist of angular sensors. In
addition, HAL has force-pressure sensors in the shoes.

few reports on the use of HAL in the acute phase or
early postoperative period.®” Therefore, the efficacy of
HAL in the acute phase or early postoperative period
remains unclear.

In the current case report, HAL training was per-
formed in addition to standard physical therapy, and
physical function and walking ability were evaluated
before and after HAL training. We report the feasibility,
safety and the recovery course of HAL training in the
acute phase after surgery for thoracic ossification of
the posterior longitudinal ligament (thoracic OPLL).
To the best of our knowledge, only one case report has
reported on the use of HAL in patients who have under-
gone surgery for thoracic OPLL.” Sakakima er al
reported on the feasibility of early HAL training after
surgery and its ability to enhance motor recovery of
patients with residual paralysis after surgery. Patients
with thoracic OPLL commonly present with myelopa-
thy and muscle weakness of the proximal leg muscles,
which leads to severe gait impairment.

Herein, we present a postoperative thoracic OPLL
patient who showed remarkable functional recovery
after training using HAL, although the paralysis was
re-aggravated after the initial postoperative rising,
requiring 3 weeks of bed rest.

Case presentation

A 63-year-old woman became aware of sensory abnormal-
ity in both legs 2 months before surgery. One month before
the surgery, her gait disturbance became pronounced and
she required a walking stick. Two weeks before the
surgery, paralysis and strong numbness in both legs

The Journal of Spinal Cord Medicine 2016
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suddenly appeared and she was unable to walk. She was
taken by ambulance to a local hospital, and incomplete
paraplegia caused by thoracic OPLL was diagnosed. She
was subsequently moved to our institute for surgery.

The neurologic examination on admission revealed
muscle weakness with a manual muscle testing (MMT)
score of 3/2 in the iliopsoas muscle and an MMT
score of 4/4 in the quadriceps femoris, tibialis anterior,
gastrocnemius, and hamstring muscles. The patient had
severe sensory disturbance (touch, pain, temperature,
and position) and severe numbness in both the legs in
the portion below the inguinal region. There was no
urinary bladder or bowel function disturbance. The
results of the blood and urine tests were normal.

Computed tomography after myelography showed
OPLL extending from T3 to T7, discontinuous ossifica-
tion at T4/5, and vertebral fracture of T5 without pos-
terior wall damage (Fig. 2). Magnetic resonance
imaging showed strong anterior spinal cord compression
at the T4/5 level, and the caudal portion of the T35 ver-
tebral body showed low intensity on both T1- and T2-
weighted images (Fig. 3). The estimated amount of
intraspinal canal ossification was 70%.

Preoperative clinical evaluation showed that the
Japanese Orthopaedic Association (JOA) score, exclud-
ing the upper extremities, was 5.5/11 (0-1, 5-1-3); the
spinal cord independence measure score (SCIM-
score)® was 57 points (self-care: 6/20 points; respiration
and sphincter management: 37/40 points; and mobility:
14/40 points); the American Spinal Injury Association
(ASTA) impairment scale (AIS) was grade D; the
ASIA motor score (lower limb total) was 33 points
(right: 18 points; left: 15 points); the ASIA sensory
score for light touch was 86 points (right: 43 points;
left: 43 points); the Walking Index for Spinal Cord
Injury IT (WISCI IT)*"'" was 8 points; and the Frankel
classification was grade C.

We speculated that intense stress at the discontinuous
ossification caused the vertebral fracture and local
instability led to the compression of the spinal cord.

Posterior decompression and fusion (laminectomy for
T3 to T7, and pedicle screw fixation and posterolateral
fusion for T1 to T9) were performed (Fig. 4). The oper-
ation took 6 hours and 35 minutes, and the estimated
blood loss was 280 mL. Intraoperative ultrasonography
showed pulsation of the dural sac and favorable posterior
decompression; however, the anterior compression of the
OPLL remained. Intraoperative motor-evoked potential
monitoring showed no change in amplitude.

The extradural drainage catheter was removed on
postoperative day 2 and rehabilitation was started on
postoperative day 5. On postoperative day 7, weakness
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Figure 2. A Sagittal slice, computed tomography (CT) scan of
the thoracic spine. Ossification of longitudinal ligament (OPLL)
is observed in T3 to T8 level. B Axial slice, CT scan of the
thoracic spine showing OPLL.

in both the legs suddenly occurred while the patient was
undergoing parallel-bar walking training. A neurologic
examination revealed muscle weakness with an MMT
score of 0-1/0-1 in the iliopsoas, quadriceps femoris,
tibialis anterior, gastrocnemius, and hamstring
muscles. The sensory disturbance in both the legs also
worsened at the same time; however, numbness was
slight. Plain radiographs and computed tomography

Fujii et al. The voluntary driven exoskeleton Hybrid Assistive Limb (HAL) for postoperative training of thoracic ossification of the posterior longitudinal ligament

scans showed appropriate laminectomy and pedicle
screw fixation, and magnetic resonance imaging
showed that the spinal canal was successfully decom-
pressed and that compressive lesions such as an epidural
hematoma were absent. We diagnosed the aggravation
of muscle weakness to be due to residual compression
from the anterior lesion and microinstability after the
posterior fixation and prescribed bed rest for a further
3 weeks. The incomplete paralysis gradually recovered
to an MMT score of 3/3, and after resuming rehabilita-
tion, the patient was able to stand and walk again using
the parallel bars.

Walking training with HAL started on postoperative
day 44 in addition to standard physical therapy.
Standard physical therapy was performed every
weekday for 40 minutes and consisted of sitting position
training and walking training using parallel bars with
the assistance of a physical therapist. At the initiation
of HAL training, the robot was fitted and sitting/stand-
ing motion was confirmed. A walking device (All-in-
One Walking Trainer; Healthcare Lifting Specialist,
Denmark) with a harness was used for safety, and
HAL training consisted of walking on a 28-meter-long
circuit several times with the assistance of 2 physical
therapists and a doctor. HAL training lasted 60
minutes, including rests and time for attaching/detach-
ing the device, and was performed 2 or 3 times a
week. The patient underwent 10 sessions of HAL train-
ing until being discharged on postoperative day 73. The
results of the 10-m walk test” are shown in Table 1. The
patient’s speed and cadence markedly improved.
Clinical evaluation was performed again after the final
training session: the JOA score (excluding the upper
extremities) was 6.5/11 (1-1, 5-1-3); the SCIM-score
improved to 84 points (self-care: 20/20 points; respir-
ation and sphincter management: 39/40 points; and
mobility: 25/40 points); the AIS was still grade D; the
ASIA motor score improved to 38 points (right: 19
points; left: 19 points); the ASIA sensory score for
light touch improved to 86 points (right: 43 points;
left: 43 points); the WISCI II score increased to 16
points; and Frankel classification was grade D
(Table 2). At discharge, the patient could walk with 2
crutches and no assistance. No adverse events associated
with HAL training occurred.

Discussion

Recently, the feasibility of HAL training for various
motility disorders associated with stroke and chronic
spinal cord injury has been reported.”> The findings in
the current study suggest that HAL training may be useful
in the postoperative period of a thoracic OPLL surgery.
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Figure 3. A Sagittal slice, T1-weighted magnetic resonance imaging (MRI) scan showed vertebral body fracture in T5. B Sagittal
slice, T2-weighted MRI scan showed severe compression of spinal cord by OPLL.

Sakakima et al. reported the only other case of HAL
training for a postoperative thoracic OPLL patient
also with good results.” Compared with that case,
HAL training was introduced 2 weeks earlier in the
patient reported herein. In addition, the WISCI II
score before the operation and after the final training
was 8 to 16 in the current case and 0 to 8 in the pre-
vious case. In brief, the case reported in Sakakima
et al. showed a more severe gait disturbance. In con-
trast, our case experienced postoperative aggravation
of paraplegia and extra bed rest for 3 weeks. Taken
together, these two cases consistently show the safety
and feasibility of HAL training in the early postopera-
tive period for thoracic OPLL.

Three possibilities may underlie the improvement in
walking ability for postoperative thoracic OPLL
patients with HAL training. First, patients practice

walking using voluntary intensions assisted by HAL,
which might induce a feedback effect between the
central and peripheral nervous systems.'?'* Barbeau
et al. has mentioned the importance of sensory inputs
in locomotor training with animal and human studies
demonstrating that sensory inputs such as maximum
weight facilitates proper trunk posture and are essential
to maximizing functional recovery.'>~!” Belda-Lois e al.
have reviewed the “top-down approach” in gait rehabi-
litation after stroke in which rehabilitation is driven by
neural plasticity.'® In addition, motor learning is an
important concept in robotic neurorchabilitation."”
With HAL training, assisted motion from the patient’s
voluntary drive can form the proprioceptive feedback
loop; thus, repetitive voluntary training may induce
motor learning.” Plautz ez al. revealed in their animal
experiments that motor learning is a prerequisite

Table 1 The results of a 10-m walk test at initial training and final training

10-m walk test

Speed (m/min)

Cadence (steps/min) Stride (m/step)

15.94
31.78

At initial training
At final training

43.82 0.22
77.86 0.24
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Figure 4. A AP view, plain radiograph of the thoracic spine, immediately after surgery. Posterior decompression and fusion
(laminectomy for T3 to T7 and pedicle screw fixation and posterolateral fusion for T1 toT9) were performed. B Lateral view, plain

radiograph of the thoracic spine, immediately after surgery.

Table 2 The results of the cervical JOA score excluding upper extremity, ASIA classification, ASIA motor score (lower extremity),
ASIA sensory score (lower extremity), SCIM-score, WISCI Il score, and Frankel classification at pre-op and at discharge

Cervical JOA score

excluding upper ASIA ASIA motor score  ASIA sensory score  SCIM-  WISCI Frankel
extremity classification (lower extremity) (lower extremity) score Il classification
Pre-op 5.5/11 D 18/15 43/43 57 8 C
At discharge 6.5.11 D 19/19 43/43 84 16 D

factor in driving representational plasticity and that
repetitive motor activity alone does not produce func-
tional recovery.”’ This result also supports our hypoth-
esis that assisted voluntary motion with HAL may
induce feedback and motor learning, and subsequent
functional recovery. Motor learning through neuro-
feedback has traditionally used electroencephalogra-
phy.?!" Recently, real-time functional magnetic reson-
ance imaging (rt-fMRI) has been demonstrated to
allow for high spatial resolution and imaging of activity
across the entire brain within a short time, all done non-

invasively.”>** Yang-ten Fang er al. have reported that
neuroplastic changes and functional recovery induced
by robot-assisted therapy in post-acute stroke patients
as well as fMRI findings of the brain were related to
functional recovery.”* Therefore, we believe that rt-
fMRI may give useful information regarding the mech-
anism of functional recovery associated with HAL train-
ing in the near future. Secondly, similar to other robotic-
assisted locomotor training, HAL and the All-in-One
Walking Trainer supports standing steadiness and
reduces the amount of labor required of the assistant,
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especially in patients with muscle weakness in the prox-
imal muscles of the legs.”” Furthermore, voluntary
movement may be difficult for a patient with a parapar-
esis due to spinal diseases such as OPLL in the acute
phase. However, HAL enables one to practice walking
in the acute phase of motor function disorder using
the wearer’s intension. Thus, HAL enables more repea-
table, precise, sustainable, and progressive training.
Thirdly, training using an advanced robotic device
may affect the patient’s motivation for rehabilitation.
We routinely collect questionnaires including questions
on expectation, tiredness, actual feeling of effect, and
free comments. Further experience and analysis of
such data may reveal the psychological effect of HAL
training.

A limitation of the current study is that the remark-
able recovery of physical function may have been
achieved not only through HAL training but also
through the patient’s natural postoperative course after
decompression as well as through standard physical
therapy. Thus, we cannot definitively show the beneficial
effects of HAL in the current study. Case control and
randomized control studies may clarify the effect of
HAL training in the future. However, the previous
case report by Sakakima et al and the current report
have shown the safety and feasibility of HAL training
for patients in the early post-operative period of thoracic
OPLL.

The mechanism by which HAL affects the central and
nervous system is unclear; however, there have been
some reports showing possible favorable change and
plasticity of the central nervous system via sensory feed-
back.'? 2> We believe that the best advantage of HAL
over normal physical rehabilitation is the extremely syn-
chronized enhancement of voluntary command from
the brain to the muscles. HAL enables patients to volun-
tarily move their legs, even patients with severe muscle
weakness; thus, we expect this movement may induce
favorable sensory feedback to the central nervous
system. Nevertheless, combined evaluation by radiologi-
cal and neurophysiological assessment over time is
necessary to reveal the mechanism of change, and clini-
cal research should be performed including these assess-
ments. Further experience with early HAL training for
postoperative patients is needed.

Conclusion

HAL training for postoperative thoracic OPLL patients
may enhance improvement in walking ability, even if
severe impairment of ambulation and muscle weakness
exist preoperatively. Early commencement of HAL
training appears to be effective.
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Improvement of Walking Ability Using Hybrid Assistive Limb Training in
a Patient with Severe Thoracic Myelopathy caused by Ossification of the
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Abstract

The purpose of this study was to report the improvement of walking ability using Hybrid Assistive Limb (HAL)
training in a case of severe thoracic myelopathy caused by ossification of the posterior longitudinal ligament (OPLL).
The patient received HAL training 2-3 times per week (10 sessions) beginning on the thirteenth postoperative day. The
patient’s walking ability and lower muscles strength were significantly improved. It suggests that HAL training in the
early postoperative phase has the potential to be an effective rehabilitation tool to improve functional ambulation in
surgically-treated thoracic OPLL patients with inability of walk.

Keywords: Hybrid assistive limb; Ossification of the posterior
longitudinal ligament; Rehabilitation

Introduction

It is estimated that 7,400 people (range 6,000 — 8,900) in Japan have
ossification of the posterior longitudinal ligament (OPLL), prevalence
of 6.33 per 100,000 people [1]. Because OPLL causes spinal canal
stenosis leading to mechanical compression of the spinal cord and
nerve roots, clinical symptoms such as motor paralysis of the upper and
lower-extremity, pain, sensory disturbance, and urinary disturbance
are prevalent in cervical OPLL. Surgical treatment is chosen when there
are deficits in finger dexterity, gait disturbance, urinary disturbance, or
in cases in which conservative treatment is refractory.

The exoskeleton robot hybrid assistive limb (HAL) (Figure 1) can
support the wearer’s motion by adjusting the level and timing of the
assistive torque provided to each joint according to the surface muscle
action potential on the anterior and posterior surface of the wearer’s
thigh, as well as by using pressure sensors in the shoes [2]. The HAL
can appear as an actual motion, and it can enhance the wearer’s motion
through their muscle action potential. The HAL training, using muscle
activity, has the potential to intensify the feedback by inducing an
appropriate motion more strongly than other standard robot training

Figure 1: The robot suit HAL®.

[3-6]. Thus, after HAL training, patients with limited mobility can
improve their walking abilities. The feasibility of rehabilitation using
HAL training has been shown for multiple disorders [7], including
training in eight patients with chronic spinal cord injuries [8]. However,
for rehabilitation in case of severe thoracic myelopathy caused by OPLL,
it is difficult to secure enough training quantity because of the burden
on medical therapists. Even if a patient’s condition were too severe
for medical therapists to provide adequate rehabilitation training,
HAL might still make adequate training possible. We report here the
improvement of walking ability using the HAL training in a case of
severe thoracic myelopathy caused by OPLL.

Case Report
Patient

A 43-year-old man had numbness on the anterior the right femoral
region four months prior that prevented him from walking. His
paraplegia had progressed rapidly, and he was diagnosed with thoracic
OPLL. He scored 3-4 on MMT (Manual muscle testing) for both lower
limbs, and had sensory disturbance below the region of the umbilicus.
In addition, he had urinary disturbance and the sphincter dysfunction.
The CT (computed tomography) myelography and MRI (Magnetic
resonance imaging) showed the spinal cord compression extending
from T8-T11, and from L1 to L3 (Figure 2). Thoracic level 10/11 was
the most affected region, with approximately 80% of the spinal canal
occupied by OPLL.
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Posterior decompression with instrument fusion using rods surgery
was performed from T7 to L3 (Figure 3). The patient was able to sit on
the bed by the third postoperative day. Conventional physical training
such as sitting exercise on the bed, standing exercise, and gait training
with a walking device was started on the third postoperative day, and he
was able to move in a wheelchair by the fourth at postoperative day. He
started gait training with a walker one week after surgery. After that, he
was able to ambulate with a pick up walker under supervision.

HAL Training

He received additional HAL training 2-3 times per week (10
sessions) starting two weeks after surgery (Figure 4). For safety reasons,

Speed (m/min)
g

15 26 28 30 £ a3 E-] A0 A

3 Postoperative day
Gait spced

Figure 5: Change in 10MWT gait speed without HAL.

Figure 2: The CT myelography shows areas of OPLL extending from T8 to T11
| and L1 to L3.

Figure 3: A postoperative radiographic image shows a posterior decompression
| with laminoplasty extending from T7 to L3.

Figure 4: Gait training using the robot suit HAL® with a walking device and a
harness for safety.
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Figure 6: Change in 10MWT steps without HAL.

a walking device (AllinOne Walking Trainer) with a harness was used.
The 60-minute training sessions consisted of single-leg motion, a
standing and sitting exercise, and walking on the ground with HAL. Net
gait training time was approximately 1520 minutes. Regarding such the
HAL training program, we judged the fatigue and physical condition
of the case, and we implemented HAL training. Motor weakness of
both lower limbs improved to the MMT 4 level within one week. HAL
training was finished on postoperative day 44 (7 weeks after surgery).
The patient was able to walk 200300 m using crutches bilaterally under
supervision by postoperative day 55. He was discharged from our
hospital to his home on postoperative day 65 (9 weeks after surgery).
Functional ambulation was assessed with the 10-m walk test (10 MWT)
and the walking index for spinal cord injury (WISCI) II [9]. In the 10
MWT, the patient was instructed to walk without wearing HAL on a flat
surface at a self-selected, comfortable pace. To calculate gait speed (m/s)
as a primary outcome, the 10-m walking time was measured using a
handheld stopwatch. In addition, the number of steps between the start
and finish line was counted, and patient cadence was calculated from
the walking time and number of steps. The extent of spinal cord injury
was assessed with the ASIA (American Spinal Injury Association)
impairment scale (AIS), ASIA score (lower limbs), and JOA (Japanese
Orthopaedic Association) score. ADL (Activities of daily living) were
assessed with the FIM (functional independence measure) motor score
and Barthel index (BI).

Improvements in gait speed, steps, and cadence were observed
gradually in the 10 MWT (Figures 5-7). Improvements in WISCI II was
observed from level 13 (walker gait) to level 16 (two crutches) before
and after the HAL training. The patient improved from 3 to 4-5 on the
MMT in both lower limbs. Although we observed no change in AIS as D,
improvements in the ASIA score (lower limbs) was observed from 26 to 50.
Improvement in the JOA score, FIM motor score, and BI were observed
from 1.5 to 5.5, from 44 to 81, and from 60 to 85, respectively (Table 1).
No serious adverse events were observed during the rehabilitation training.
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Baseline after the HAL training
(POD13) (PODA47)
WISCI Il 13 16
MMT (Lower limbs) 3 4-5
AIS Scale D D
ASIA score (lower limbs) 26 50
JOA Score 1.5 5.5
FIM motor score 44 81
Bl 60 85
WISCI: Walking Index for Spinal Cord Injury; MMT: Manual Muscle Testing; AlS:
American Spinal Injury, Association Impairment Scale; ASIA: American Spinal
Injury Association; JOA: Japanese Orthopaedic Association; FIM: Functional
Independence Measure; Bl: Barthel Index; POD: Postoperative Day.

Table 1: Clinical assessment at baseline and after HAL training.

Discussion

Walking ability and muscle weakness of both legs were significantly
improved after surgical treatment combined with HAL training in this
case. Sakakima et al. reported that the walking ability of a thoracic
OPLL patient with an inability to walk despite multiple surgeries was
significantly improved using HAL training [10]. However, it takes a
long time for paralysis to resolve before the patient can return home.
HAL training has been applied to chronic spinal cord injuries, but there
have been no previous reports on the effect of rehabilitation using HAL
for severe thoracic spinal cord injuries (myelopathy) due to OPLL in the
early phases of rehabilitation after surgical intervention.

Wau et al., reported that robotic resistance/assistance training using
the original custom-designed cable-driven robotic gait training system
improved gait speed, step length, and walking distance for the six minute
walk test in 28 stroke patients with hemiplegia. Assistive training using
the cable-driven robot during treadmill exercise might improve the
motor learning mechanism. In addition, it was suggested that repetitive
stepping assisted by the cable-driven robot might enhance the synaptic
efficacy of sensorimotor pathways [11]. We have the impression that
larger step length was observed during HAL training than conventional
gait training in this case. Therefore, we think that HAL training affected
the recovery of the motor function due to the motor learning. We
also conjectured that the mechanism of this recovery of functional
ambulation, sensory function, and coordination was due to changes
in plasticity in the spinal cord and supraspinal centres by the HAL-
induced motion, which has favourable feedback effects.

This is the first report that HAL training in the early postoperative
phase has potential to improve a patient’s mobility in severe thoracic
spinal cord injury (myelopathy) due to OPLL with a prior inability to
walk. The functional improvement in this case involved other treatment
including both surgical treatment and conventional gait training. More
patients will be needed to evaluate the isolated effects of HAL training.

J Spine

Spinal Cord Injury Rehabilitation

This study was conducted with approval of the Ethics Committee of
the Tsukuba University Faculty of Medicine.

Conflict of Interest

A commercial party having a direct financial interest in the results of
the research supporting this article has conferred or will confer a financial
benefit on 1 or more of the authors. Yoshiyuki Sankai is CEO of Cyberdyne
Inc, Ibaraki, Japan. Hiroaki Kawamoto is a stockholder of the company.
Cyberdyne is the manufacturer of the robot suit HAL. This study was
proposed by the authors. Cyberdyne was not directly involved in the study
design; collection, analysis, or interpretation of data; writing the report;
or the decision to submit the paper for publication. No commercial party
having a direct financial interest in the results of the research supporting
this article has or will confer a benefit on the authors or on any organization
with which the authors are associated (Shigeki Kubota, Tetsuya Abe, Kengo
Fujii, Aiki Marushima, Tomoyuki Ueno, Ayumu Haginoya, Ayumu Endo,
Hideki Kadone, Yukiyo Shimizu, Yasushi Hada, Akira Matsumura and
Masashi Yamazaki).

Acknowledgement

We thank Mayuko Sakamaki and Yumiko Ito, Center for Innovative Medicine
and Engineering (CIME), University of Tsukuba Hospital, for her excellent technical
assistance. This study was supported by the Industrial Disease Clinical Research
Grants of the Ministry of Health Labour and Welfare, Japan (14060101-01).

References

1. Ilwamoto Y (2013) Jinnaka’s text book of orthopaedic surgery. In: Kozo
Nakamura (ed.) Ossification of the posterior longitudinal ligament (OPLL),
(23rdedn), Nanzando, Tokyo. p: 291-303.

2. Kawamoto H, Sankai Y (2005) Power assist method based on phase sequence
and muscle force condition for HAL. Adv Robot 19: 717-734.

3. Colombo G, Joerg M, Schreier R, Dietz V (2000) Treadmill training of paraplegic
patients using a robotic orthosis. J Rehabil Res Dev 37: 693-700.

4. Colombo G, Wirz M, Dietz V (2001) Driven gait orthosis for improvement of
locomotor training in paraplegic patients. Spinal Cord 39: 252-255.

5. Hesse S, Uhlenbrock D, Werner C, Bardeleben A (2000) A mechanized gait
trainer for restoring gait in nonambulatory subjects. Arch Phys Med Rehabil
81:1158-1161.

6. Hesse S, Werner C, Bardeleben A (2004) Electromechanical gait training with
functional electrical stimulation: case studies in spinal cord injury. Spinal Cord
42: 346-352.

7. Kubota S, Nakata Y, Eguchi K, Kawamoto H, Kamibayashi K, et al. (2013)
Feasibility of rehabilitation training with a newly developed wearable robot for
patients with limited mobility. Arch Phys Med Rehabil 94: 1080-1087.

8. Aach M, Cruciger O, Sczesny-Kaiser M, Hoffken O, Meindl RCH, et al. (2014)
Voluntary driven exoskeleton as a new tool for rehabilitation in chronic spinal
cord injury: a pilot study. Spine J 14: 2847-2853.

9. Dittuno PL, Ditunno JF Jr (2001) Walking index for spinal cord injury (WISCI II):
scale revision. Spinal Cord 39: 654-656.

10. Sakakima H, ljiri K, Matsuda F, Tominaga H, Biwa T, et al. (2013) A newly
developed robot suit hybrid assistive limb facilitated walking rehabilitation after
spinal surgery for thoracic ossification of the posterior longitudinal ligament: a
case report. Case Rep Orthop 621405.

1

ey

. Wu M, Landry JM, Kim J, Schmit BD, Yen SC, et al. (2014) Robotic resistance/
assistance training improves locomotor function in individuals poststroke: a
randomized controlled study. Arch Phys Med Rehabil 95: 799-806.

Citation: Kubota S, Abe T, Fujii K, Marushima A, Ueno T, et al. (2016) Improvement
of Walking Ability Using Hybrid Assistive Limb Training in a Patient with Severe
Thoracic Myelopathy caused by Ossification of the Posterior Longitudinal Ligament
- A Case Report. J Spine S7: 003.doi:10.4172/2165-7939.57-003

This article was originally published in a special issue, Spinal Cord Injury
Rehabilitation handled by Editor(s). Dr. Alessandro Landi, University of Rome,

Italy

ISSN: 2165-7939 JSP, an open access journal

— 197 —



@

VIVAI

FTIREFER

ore

-

ront

Cifvy R A=Y HAL (Hybrid Assistive Limb) TOJECHD

EfRkeiiE ekt

IRE FF comenzE)

UIEFA4 Ty Fu—a (UTuaE) i Esso
REEE T RNC HEERZELOICH L & 727 X9
HHITHRREDE T . H A WVIZZFDORERY D 5 REBEIRT.
BERAHRT 2 ELEEL LB BHkE., Fito
HERGAL AL SRR L3 V) 1 T ERHROIA, @
BEIFRITOREL . OBTHERROMER - STy
2" 1Ry PA—YHAL® (L FHAL) (34 ARERICIE
AL TR L MR- WE T 5 2 LIRS Tw5,

HALIZ ¥ 4 /8= 27 X (cybernics) 2 B L /-4 4E
MR OEER TRy P THE W H A N7 2L
Cybernetics, Mechatronics, Informatics®—#{t.% H &
L=FrF iR ©d Y . HALOBRE T HAERFH
B IR ZICE > THEAL frdh Shizo e PR ZBd
29 LT HE. ZOBBEMIIMES LA 4 Y BRE LT,
2 & BB EBAE, TN ERE SN B HALIRE b
AHH LT HEHERIS U T EMERH ST 1
SN B PEY e AAREALAE 7 LHALNER O£ ¥ —I12 &
AINEE, B AR R IEREZ Y TV F 4 AICHER
MBL LELE—F M7 2RESENBEELZT VA
L BB 2 EBRT 5, £ OEHF S B8 TR ERE

o

LR TOBULAHALEERLLUNEY T —2 a2 O/KF

— 198 —

ORTHO | No.02 /2016

hE FEaers

L THAERNE 74— F 28y 7 8h a2k )i
HALAHBAHER L HERREATETHIEIZEDA
¥ F4TT 41— Ny 7 HMREN BREEER
BRIV EL RBEEZZOLNT VA,

FRIAE IO I EICHRATREEORWIRETH 525
FHEBORITINEY) 7= 3 v LTHRMR b
Ly FIW#IT L —= 7 (body weight supported
treadmill training: BWSTT) O R #EHE STy
BYUBWSTT TS YR MSATF v ¥ 7 EHBIL,
BEHEOBPTIGEVCHEZERTLILICED ATy
¥ 7o TG S B KRS AT 2 3R 5 K
MERIC S 2 BB X OB B L ) Lo PR O T
LR R T L EZZONTV A F - ZEEH) F L —=
VZVCHEBE L SRR L —= Y 7 DE ) SR —R
EHFOFKLSERETH LI LhbroTHE YO,
BWSTTEHAL%Z B/ L. BB BRI EED W AT B E
ZREDELATH LTk D RIREIRTREO R
PEHTELLELOND™, F4 VT3 3 CICHHA
BOHREIZBIT HHALIC X A BB L TARY SR
BROBAAED 5N TV B bAETH A PEREED
TS - 5 e SRR S A HAL B O R G £35
Bk GREFREERR | ENLWEREIEREE heF)
T LY, 201543 A25 HICH R FRbs g & L CHRIARTH
FAMATONLFSELLA 25 HICRERGEAZR L HUR L. 2016
4E1 A 27H oI L IR BRIR S iR & TARRE S 1L 201648
AADNFE FEL T 5. 5%, FRERGOHRRE LT
bBINERE HIE L CTHB D RIS FRRE I
A HitaRHE & HALOPEREEEDS & 0 31RO E W IRHRS:
ELTHIfEs B,

X #k

1) AABHARIES QOO€T 1 722 FO—-LBHEH 1 K2010. 2010
2) \iEEe, ftb - SFRMER 11 : 261-270, 2012

3)hE  ZF  ERRREHM 42 : 31-38, 2014

4)Lam T, et al : Top Spinal Cord Inj Rehabil 13 : 32-57, 2007

5) A% | EERE)N\EY T2 a2 —ARCE, 3-7, 2010
6) Lotze M, et al : Brain 126 : 866-872, 2003

7) Aach M, et al : Spine J 14 : 2847-2853, 2014

8) Wall A, et al : Front Syst Neurosci 9 : 48, 2015




Bt B R L%
TIPS - SRR

Clin Eval 43 (2) 2016

AR - BIRBAEOICHDHAL-HNO 1
EEET B E AR QRO R

Investigator-initiated HAL-HNO1 clinical study for intractable rare neuromuscular diseases

Takashi Nakajima

N R T

Niigata National Hospital, NHO

o g E
>

1. HALCBIS DA

FAlL Z DIRBROWBBRRBEA & & OEEMHR T
DBBRBEEMAEBD THVETOT, RELTHE
BRL, BEARTERHRBIIOVLWTIHBEL
%9, HAL® (Hybrid Assistive Limb") (%, i
KEDINER BB 4 3= 28l & v
T, WEEES A M A EEN IRy b e LTH
L& L7z FEMERZENCRL T3 &l
TOET. WEEIREY A -4 14 VRS %
WL, B BELTOET

HAL i3 B A1 i3 S A M BN R R E & B X
MBI eHRLEVDTTH, b TDOHAL%E
o> TH AN s ATHRESREELRRT I &
WO EAMI A S TS, MEESEE L X
PR, KILERET, FHEGEZEICY, #
T H B % RMWLEE, NMO (Neuromyelitis
Optica : fHFEHEREZL), HAM (HTLV-1 associ-
ated myelopathy : HTLV-1 B EEHF#EAE), /85— F
VI VR, BR/MZEELRE, ALS (amyotrophic
lateral sclerosis : f 2 i P Il 5 7 {L fiE), SMA
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Purpose: Stepping motions have been often used as gait-like patterns in functional magnetic
resonance imaging (fMRI) to understand gait control. However, it is still very difficult to stabilize
the task-related head motion. Our main purpose is to provide characteristics of the task-related
head motion during stepping to develop robust restraints toward fMRI.

Methods: Multidirectional head and knee position during stepping were acquired using a motion
capture system outside MRI room in 13 healthy participants. Six phases in a stepping motion were

defined by reference to the left knee angles and the mean of superior-inferior head velocity (V,

ean)

in each phase was investigated. Furthermore, the correlation between the standard deviation of the

knee angle (6,,) and the maximum of the head velocity (V,

) was evaluated.

ax.

Results: The standard deviation of each superior-inferior head position and pitch were signifi-

cantly larger than the other measurements. V

mean

showed a characteristic repeating pattern asso-

ciated with the knee angle. Additionally, there were significant correlations between 6,,and V.
Conclusions: This is the first report to reveal the characteristics of the task-related head motion
during stepping. Our findings are an essential step in the development of robust restraint toward

fMRI during stepping task.

Keywords: head movements, motion, kinesis, magnetic resonance imaging, quantitative assessment

Introduction

Stepping motion has often been used as the multi-
joint leg task in functional magnetic resonance imag-
ing (fMRI).'~ This consists of coordinated movements
where both legs extend and flex alternately and com-
prise multi-joint interlocking movements of the hip,
knee, and ankle joints. Complex motion activates
wide regions of the primary motor cortex, premotor
cortex, supplementary motor cortex, and sensorimotor
cortex.*? These studies are important as they challenge
our understanding of gait control in healthy partici-
pants and patients with gait disorders.

fMRI using blood oxygenation level dependence is a
common approach to the imaging of regions involved

*Corresponding author, Phone: +81-29-853-5858, Fax: +81-29-
853-5852, E-mail: saotome84@gmail.com

in cognition and motor control, and is now widely used
throughout neuroscience.!®!3 It has advantages over
positron emission tomography, single photon emission
computed tomography, and near-infrared spectroscopy
in that it does not require the administration of a con-
trast medium, and acquires high-resolution images.
In fMRI, the translational and rotational head motion
during image acquisition is a major source of motion
artifact and makes it very difficult to assess brain activ-
ity.'*17 Past studies have attempted to suppress head
motion using restraints, however, these are still challeng-
ing.!>1820 Moreover, a number of strategies using fast
acquisition have been developed in recent years.!1521-25
However, these techniques cannot often acquire satisfac-
tory images because of excessive head motion.

To develop the robust restraint for stepping motion
toward fMRI, the investigation of the characteristics of
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head motion during stepping is required. Seto et al. quan-
titatively showed the amount of head motion during
hand and ankle tasks in fMRI in detail.?® Though head
motion tends to increase during multi-joint movement
tasks such as stepping than single joint tasks,'>22% the
quantitative assessment of head motion during step-
ping has not been investigated. The development of the
task-suitable restraint for stepping could be an essential
step towards the research of brain function for gait con-
trol using fMRI.

Our study measured the head and leg motion (three
orthogonal translation directions and three rotations) of
healthy participants during stepping, and investigated
the relationship between the head position and the
knee angle, velocity, using a motion capture system.
Measurements were performed in a motion capture
laboratory outside the MRI roomand used 12 cameras
to acquire multidirectional head position and the knee
angle data. Our data provide accurate and detailed
three-dimensional information for the head positions
and knee angles, and reveal the characteristics of head
motion.

Materials and Methods

Subjects

Thirteen young healthy male volunteers partici-
pated in this study. The mean + standard deviation of
the participants’ age was 23.2 + 2.5 years. Each sub-
ject gave written informed consent before entering this
study. The protocol was approved by the University of
Tsukuba Ethics Committee (No. 745). Prior to partici-
pating, volunteers were also screened using checklists.
Participants were excluded if they had a history of neu-
rological impairments or physical conditions contrain-
dicative to exercise.

Experimental setup

The couch: The couch, which was the same shape as
the one in the MRI scanner (Philips Medical Systems,
Eindhoven, Netherlands), was set up in a motion capture
laboratory outside the MRI room (Fig. 1). A 32-channel
SENSE head coil was set on the couch, but the anterior
part of the head coil was displaced to allow measure-
ment of head position by motion capture. A homemade
coil stopper was placed at the top of the head coil to pre-
vent the head coil from sliding. Participants wore socks.
A slippery board made of acrylic and wrapped in a poly-
ethylene bag was aligned on the bed so that it would
touch the soles during stepping to allow fluid motion
of the legs. Participants were positioned on the scanner
bed in a supine position and their head was placed in
the head coil. The head was restrained using sponges
and a beaded vacuum pillow (Tatsuno Cork Industries
Co. Ltd., Tatsuno, Hyogo) formed to the shape of each
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Fig. 1. Couch setup. The 32-channel SENSE head coil
was set on the couch. The anterior part of the head coil
was displaced to measure the head position by motion cap-
ture. A homemade coil stopper was placed above the head
coil to prevent it from sliding. A slippery board made of
acrylic and wrapped in a polyethylene bag was aligned on
the bed so that it would touch the soles during stepping
to achieve fluid motion of the legs. The participant was
positioned on the scanner bed in a supine position and their
head was placed in the head coil. The head was restrained
using sponges, a beaded vacuum pillow, and magnetic
resonance-compatible headphones, which are generally
used in most magnetic resonance imaging examinations.

participant’s head, and magnetic resonance compatible
headphones, which are generally used in most MRI
examinations.

The motion capture system: The motion of the head
and the lower limbs was measured using an MAC3D
motion capture system (Motion Analysis, Santa Rosa,
California, USA) in a laboratory outside the MRI
room. The system consisted of 12 Raptor-4 (2352 X
1728 pixels) cameras arranged around the couch,
and a desktop computer with operating software
(Fig. 2). Optical markers were placed on the face of
the participant on the middle of the forehead, the right
and left cheek bones, and the chin, to compute each
three-rotation (roll, pitch, yaw) and three-translation
[S-I; superior-inferior, R-L; right-left, and A-P; anteri-
or-posterior of the head (Fig. 3A)]. Markers were also
placed bilaterally on the greater trochanter, the lateral
epicondyle of the femur, and the lateral malleolus of
the fibula to obtain the flexion/extension angle of the
knee joint (Fig. 3B). Additionally, a marker was placed
on the middle of the clavicles, and six additional mark-
ers were also placed on the iliac crest, thigh, medial
epicondyle of the femur, shank, medial malleolus,
and instep of both legs (Fig. 3B). These were used for
supportive purposes in three-dimensional reconstruc-
tion of the other markers. The system was calibrated
following a standard procedure guided by the soft-
ware provided by the supplier. After calibration of the
camera position and orientation, the residual error in
the reconstruction of the three markers on the wand,
which was used to collect data for calibration, was
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Fig. 2. (A) Top view and (B) side view of the motion cap-
ture laboratory. The 12 cameras were set around the couch.
The desktop computer with operating software was set unob-
trusively on the edge of the examination room.

ROH\.’ST_'; B °

\(am}?’ﬁ_"i.;?’R_L / ; e
g%}f Pitch - /} .Ay

Fig. 3. Optical marker positions on (A) the face and (B) the
legs. On the face, markers were placed on the middle of
the forehead, the right and left cheekbones, and the chin. On
the legs, markers were placed bilaterally on the greater tro-
chanter and lateral epicondyle of the femur and the lateral
malleolus of the fibula. Additionally, a marker that was used
for supportive purposes in the three-dimensional reconstruc-
tion of the other makers was placed on the middle of the clav-
icles, and five additional markers were also placed on the iliac
crest, thigh, medial epicondyle of the femur, shank, medial
malleolus, and instep of both legs. Each three-rotation (roll,
pitch, yaw) and three-translation (S-I; superior-inferior, R-L;
right-left, and A-P; anterior-posterior) was defined as shown.

0.539 mm on average with 0.224 mm standard devi-
ation throughout the whole capture area. The system
recorded the marker positions at 120 Hz (approxi-
mately 8 ms/fr), and the data was calculated in each
56 ms. This is because 56 ms is realistic situation of
one slice acquisition for time resolution in typical
fMRI sequence.
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5°< @ < 25°

extend

Fig. 4. (A) Flexion target angle (6,,.,) and (B) exten-
sion target angle (6,,,.,,) of the knee joints. 0 is defined
as the angle between the line connecting the greater
trochanter of the femur with the lateral epicondyle of
the femur and the line connecting the lateral epicondyle
of the femur with the lateral epicondyle of the fibula.
(g), the greater trochanter of the femur; (fe), the lateral
epicondyle of the femur; (fi), the lateral epicondyle of
the fibula.

Stepping task

All participants performed stepping in supine posi-
tion. Participants were instructed as follows: (1) the start
position was to entirely extend both legs; (2) the left leg
was first flexed; (3) when the knee joint angle (0) was
defined as the angle between the line connecting the
greater trochanter of the femur with the lateral epicon-
dyle of the femur and the line connecting the lateral epi-
condyle of the femur with the lateral epicondyle of the
fibula, the flexion target angle of the knee joints ()
was 80° <, <110° (Fig. 4A); (4) when one side of the
leg started to extend, the other side started to flex; (5) the
extension target angle of the knee joints (0,,,,,,) was 5°
<0,..0 <25° (Fig. 4B); (6) this exercise was continued
for 30 s after the cue; (7) stepping was performed at
approximately 1.67 Hz (100 beats per second), which
was given using a metronome; and (8) participants kept
their eyes open to concentrate their gaze on a single
point on the ceiling during measurement. Before each
measurement, participants practiced the above exercise
for 30 s. Moreover, participants were instructed to keep
their heads as still as possible during the exercise.

Data analyses

First, the position of the center of the four markers
on the face (middle forehead, right and left cheekbones,
and chin), was calculated and used to define the head
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position. Using these markers’ position, the roll, pitch,
and yaw rotation angles of the head was computed,
around the S-I, A-P, and P-L axes, respectively (Fig. 3A).

Second, the angles of the knee joints were calcu-
lated using the position of the three markers on the legs
(greater trochanter of the femur, lateral knee joints, and
ankles).

The below five metrics were used to calculate the
head motion during stepping: (1) the standard deviation
of the head position (M_,); (2) the mean of the head
velocity (V,,.,,); (3) the maximum of the head velocity
(V,..); and (4) the standard deviation of the angle of the
knee joints (0,,). M, is described by the formula

- | Tl )

N -1

where X; is the head position measurement at a par-
ticular time 7, X is the mean of the head position mea-
surements in each of the three orthogonal translation
directions or rotations, and N is the number of data

points. V,, .. was calculated as
_ X
dr
ZN—l
i—1 i
Vmean = ]\; ll

where v is the velocity of the head and ¢ is each mea-
surement time. ¥, was calculated as

Vinaxe =V}

where v, is the maximum head velocity in each of
the three orthogonal translation directions (S-I; superi-
or-inferior, R-L; right-left, and A-P; anterior-posterior).

0., was calculated as

Zilil(yi _17)2

esd= N -1

where Y, is the angle of the knee joint at a particular
time i, and Y is the mean of all the knee joint angles.
M, and V., were applied to each of the three orthog-
onal translation directions (S-1, R-L, A-P) and each of
the three rotations (roll, pitch, yaw). Additionally, six
phases in stepping were defined by reference to the
left knee joint angles to interpret the relation between
the head velocity and the angle of the knee joint
(Fig. 5); (I) 0° < 8 < 30°, which indicates the beginning
of flexion; (IT) 31° <0< 60°; (III) 61° <6 < 110°, which
indicates the end of flexion; (IV) 110° <8< 61°, which
indicates the beginning of extension; (V) 60° <6 <31°;
(VI) 30° < < 0° which indicates the end of extension.
Then, the V,,,,, in each of the six phases was calculated.

Statistical analyses were performed using SPSS (IBM
Statistical Package for the Social Sciences, version 21.0,
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Flexion period Extension period

9. 0°> 30° 9. 110° — 61°
A
9.31° > 60° M 0.60 >3

%-\%

0.61° >110° Kl ¢ 30°

Fig. 5. Six phases by reference to the angle of the left knee
joint. 8 shows the angle of the left knee joint. The flexion
period consists of phases I, II, and III. The extension period
consists of phases IV, V, and VI; (I) 0° < 8 < 30°, indicates
the beginning of flexion; (II) 31° < & < 60°; (IIT) 61° < O
< 110°, indicates the end of flexion; (IV) 110° < 8 < 61°,
indicates the beginning of extension; and (V) 60°< 8 < 31°;
(VI) 30°< 0 < 0°, indicates the end of extension.

Chicago, Illinois, USA). A Mann—Whitney test of three
orthogonal translation directions (S-I, R-L, A-P) and
three rotations (roll, pitch, yaw) were performed for
M_,. A Mann—Whitney test of the six phases of the knee
]omt angle was also performed for V,,, . Furthermore,
we used the Spearman’s correlation coefficient () to
evaluate the correlations between 6, and V... The level
of statistical significance for all measures was set at
P <0.05.

Results

The standard deviation of the head position (M)

Figure 6A, B are box-and-whisker plots showing the
median and interquartile ranges of the standard devia-
tion of the head position (M) with three rotations (roll,
pitch, yaw) and three orthogonal translation directions
(S-1, R-L, A-P). Among the three rotations, there was a
strong statistically significant difference between roll
and pitch (P < 0.001), but no significant difference
between yaw and the others. Furthermore, among the
three orthogonal translation directions, there were also
strong statistically significant differences between S-I
and the others (P < 0.001), respectively, but no signifi-
cant difference between R-L and A-P.

The relationship between the mean of the head

velocity (V, mea,,) and the phases of knee angle (I-VI)
Figure 7 is box-and-whisker plots showing the

median and interquartile ranges of the mean of the

Magnetic Resonance in Medical Sciences
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Fig. 6. Box-and-whisker plot of the standard deviation
of the head position (M,,) with (A) three rotations (roll,
pitch, yaw) and (B) three orthogonal translation directions
(S-I; superior-inferior, R-L; right-left, and A-P; anterior-
posterior). Box-and-whisker plots show the median and
interquartile ranges of the M, (A) There was strong statisti-
cally significant difference between roll and pitch. (B) There
were also strong statistically significant differences between
S-I and the others, respectively. Note the difference in verti-
cal scales. *P < 0.001, Mann—Whitney tests.

head velocity (V,,,,) with S-I in each phase (I-VI)
of knee angle. There were statistically significant
(P < 0.01) differences between phase I and phases
III, V, and VI. There were also statistically significant
(P < 0.01) differences between phase Il and phase VI.
There were also statistically significant (P < 0.01) dif-
ferences between phase IV and phases 111, V, and VI.
Vean ©f phase I and phase IV showed a larger posi-
tive velocity. However, V.. of phase III and phase
VI showed a larger negative velocity. Thus, the larger
positive velocity occurred at the beginning of flexion
and the beginning of extension. In contrast, these also
showed that a larger negative velocity occurred at the
end of flexion and the end of extension.

The correlation between the standard deviation of knee
angle (0.,) and the maximum of the head velocity (V)
Figure 8 shows the correlations between the stan-
dard deviation of knee joint angle (6,,) and the maxi-
mum of the head velocity V,,, . There were significant
correlations between 0, and V, . for both caudo-cranial
and cranio-caudal directions (r = 0.657, P < 0.01 and
r = 0.696, P < 0.01). The mean + standard deviations
of V,,. in the caudo-cranial and cranio-caudal direc-
tions were 34.1 = 14.0 mm/s and 35.4 = 19.1 mm/s,

respectively.

Discussion

The measurements were performed in a motion
capture laboratory outside the MRI room. Prior to an
in-depth discussion of our results, we need to describe
the differences between the motion capture laboratory
and the actual environment within an MRI scanner. The
only notable difference was that there were no loud
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sounds emanating from an MRI scanner in the motion
capture laboratory. However, the head motion induced
by loud sounds is significantly less than the head
motion associated with multi-joint leg movements.*°
Regarding other differences, there was little influence
on the measurements for the following reasons. In the
motion capture laboratory, a couch of the same shape
and material as that of an MRI scanner was used. In
addition, the same head coil, coil stopper, and restraints
as those of an MRI scanner were used. Therefore, simi-
lar head motion and stepping motion might be possible
within the confines of an MRI scanner.

Head motion is dependent on the task and the sub-
ject group in fMRI.}?® Seto et al., who investigated
the amount of head motion during hand and foot task
in stroke subjects and age-matched controls in fMRI,
revealed that the head motion in stroke subject with
foot task was largest, especially S-I translation. Our
result in S-I translation exhibited approximately twice
the head motion compared to that of stroke subjects
with foot task. Furthermore, all rotation and R-L and
A-P translation exhibited the head motion at the same
level as that of stroke subjects. Our findings mean that
we should pay special attention to suppress the head
motion in S-I translation.

Fig. 8 shows V. during stepping in each 60 ms.
If the head velocity is 40.0 mm/s, the head moves
2.4 mm during acquiring an echo in a plane, which is
a very short period (approximately 60 ms following
generally fMRI echo planar imaging sequences; rep-
etition time (TR)/echo time/image matrix/number of
slice/slice thickness = 3000 ms/35 ms/128/40 slices/4
mm). This displacement corresponds to 60% of slice
thickness. This means that approximately 60% of the
plane excited by the slice selection gradient has devi-
ated from its original position at the echo acquisi-
tion time on the sequence. Previous studies, which
approached fMRI during multi-joint movements of
the legs by using trunk restraints in addition to head
restraints, stated that the offset value of motion cor-
rection algorithm of the SPM software (Wellcome
Department of Cognitive Neurology, Queen Square,
London) implemented in the Matlab (MathWorks,
Natick, Massachusetts, USA) has to be limited to a
range of 2 mm over a period of a TR to justify the
effect of their restraints.!?2%27 It is reasonable to
refer to this value on the SPM software in the single
joint movement, however, it would be enough to
refer to only this value in multi-joint movement of
the legs. This is because that the problems in huge
head motion are not only the misregistration of image
voxel locations with brain anatomy but also signal
loss in a slice plane leading either to false-positive
activation or to false-negative activation.'%!>3! The
motion correction algorithm in the SPM can correct
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the volume-by-volume displacement acquired in each
TR up to a few millimeters. However, this algorithm
cannot correct signal loss occurring during acquiring
the echoes in a plane. There are many other motion
correction algorithms for slice-by-slice and vol-
ume-by-volume, however, none of them can correct
signal loss in a plane.?!?>32735 Therefore, we should
focus on the robust restraint toward fMRI during
stepping, which can reduce the head velocity in S-I
translation.

The robust restraint against multi-joint move-
ments of the legs is still challenging and should be
suiting the characteristics of the task. At the same
time, it should be noted that applying excessive pres-
sure on the head could cause severe head pain to the
subjects. Some past studies suffered from the head
motion associated with the tasks even though they
paid close attention to head motion by restraining
the head and the trunk.'? Considering this as well
as the problem of causing head pain, some methods
to exempt or isolate the force reached into the trunk
and the head from the legs might be expected and is
the topic of our further study.

Furthermore, ourresultsshowedthattheheadmoves
repeatedly up and down with regularity in association
withthe knee angle. This finding is supported by Fig. 7.
Mostly positive velocities (caudo-cranial) occurred
at the beginning of right extension (phase I) and at
the beginning of left extension (IV), and mostly neg-
ative velocities (cranio-caudal) occurred at the end
of left extension (III) and at the end of right exten-
sion (VI), and phases with smaller velocities (II and
V) occurred between the phases associated with the
positive velocities and negative velocities. These
mean that the head moved up and down twice in
a stepping cycle, which includes an extension and
a flexion for each leg. Here we make an observa-
tion that the initial extension of the knee and hip of
motion of one leg pushed the head upward, and then
the head stopped a while, and then the stretching
motion of one leg at the end of extension pulled the
head down to its original position. In concurrence
with one leg started to flex, the other leg just started
to extend and then the head moved up and down once
again. Noteworthy, it is interesting that there are two
phases including smaller head motion in a stepping.
By acquiring image data only in these phases using
moderated fast acquisition techniques, the data set
with minimum motion might be accomplished. In
addition, our findings showed that the larger the
knee joint motion range, the larger the head velocity
in both caudo-cranial and cranio-caudal. It is there-
fore important that we need to select an adequate
task that has the motion range of knee joint as small
as the study’s objective permits.
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Quantitative Assessment of Head Motion

Understanding the characteristic of head motion
during stepping is essential to build the task-suitable
restraints in fMRI. To the best of the authors’ knowledge,
this is the first report that has quantitatively assessed
head motion during stepping in depth. Our future works
are the building of the robust restraint and task setting
toward fMRI. Then, it could be an essential step toward
the investigation of brain function for gait control using
fMRI. The limitations of this study are that the measure-
ments were performed outside of an MRI examination
room. However, as already described, we assume that
similar head motion and stepping motion are possible
within the confines of an MRI scanner. Furthermore,
only a stepping motion with a single repetition rate as a
multi-joint leg movement was performed in this study.
Other multi-joint movements and a slower or faster rep-
etition rate might show different results. These cases
require further study.

Conclusion

In this study, the head position and the knee angle
during stepping toward fMRI were measured using a
motion capture system. All measurements were per-
formed in a motion capture laboratory outside the
MRI room to acquire multidirectional head position
and knee angle data using a number of cameras. Our
results showed the relationship between the head dis-
placement, velocity, and knee angle. During stepping,
the superior-inferior translation and pitch rotation
were the largest. The mean of the superior-inferior
head velocity showed a characteristic repeating pat-
tern associated with the knee angle. There were pos-
itive significant correlations between the standard
deviation of the knee joint angle and the superior-
inferior maximum head velocity. This is the first
report that quantitatively assessed the head motion
during stepping for fMRI. Our findings might help
the building of the robust restraint and the adequate
environment against stepping motion to assess brain
activity in fMRI.
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Development of an MRI-Powered Robotic System for Cryoablation

Ryutaro Ouchi', Kousaku Saotome?, Akira Matsushita® and Kenji Suzuki?

Abstract— This study proposes a novel MRI-powered robotic
system controlled with the magnetic field generated by a
magnetic resonance imaging (MRI) scanner. In the proposed
system, we use an MRI-powered actuator unit proposed in
the previous study and a spherical positioning mechanism. The
actuator unit contains a ferromagnetic sphere, which acts as a
power source and is used to control the positioning unit inside
the MRI environment. These elements enable the development
of a remote needle tip positioning system for use within the MRI
scanner. Potential applications of the developed system include
the automation of procedures during under MRI inspections,
especially the cryoablation of breast cancer. In this paper, we
report on the performance evaluation and the MR-safety of the
proposed system and describe the newly developed spherical
positioning mechanism, which can be activated by the actuator
units.

I. INTRODUCTION

Magnetic resonance imaging (MRI) is an imaging tech-
nique used for obtaining cross-sectional images of a target.
An MRI scanner contains electromagnets, which the scanner
can use to control its magnetic field with high accuracy
for its imaging process. However, since the MRI delivers
high amounts of electromagnetic energy, the use of devices
containing magnetic materials is restricted within the MRI
room.

On the other hand, the development of MRI-compatible
devices have been progressing owning to the wide-spread use
of computer-assisted surgery, which uses medical imaging
devices such as the ultrasonic scanner, CT, and MRI for
building a model of the patient and for navigation during
the surgery. For example, G. S. Fischer et al. [1] and
A. Krieger et al. [2] investigated MRI-compatible robotic
systems for MRI-Guided prostate intervention; T. Aodai et
al. [3] developed MRI-compatible manipulandum for hand
and arm movement; and H. Sajima et al. [4] developed
an MR-safe stepping actuator which relies on a pneumatic
power source. These systems usually involve placing the
end-effector part or the power conversion parts in the MRI
room. These parts are all constructed from non-magnetic
materials. However, the actuators contain magnetic materials
and are placed outside the MRI room. This approach requires
long-distance power transmission between the actuator and
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Fig. 1. System Overview: MRI-Powered Robotic System for Cryoablation
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Fig. 2. MRI-Powered Actuator Unit

actuated parts, which increases the system complexity and
might compromise the real-world applications.

To overcome this problem, MRI-powered devices are
being developed, which utilize the magnetic field operability
of the MRI scanner. Dupont et al. [5][6][7] have recently
conducted studies where they investigated the possibility
of MRI-powered actuators. In these studies, they created
a uniaxial actuator based on oscillating rotary movement
by using an MRI sequence specifically designed to induce
motion on a magnetic sphere.

We also have been developing an MRI-powered actuator
unit [8]. This system allows for multiaxial movement using
the imaging sequence already available in the MRI system.
In this study, we propose a robotic system for needle tip
positioning in cryoablation [9] for breast cancer. We also
report on performance evaluation regarding the scanned
images of the newly developed actuator unit. To achieve
this goal, we developed a novel MRI-compatible robotic
system including MRI-powered actuator units and a spherical
positioning mechanism shown in Fig. 1. We will also report
on the development and function of this robotic system.
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II. PERFORMANCE EVALUATIONS OF THE
ACTUATOR UNIT

Fig. 2 shows the general view of the actuator unit. This
unit consists of rotors, ratchet gears, synchronous gears, and
a rack gear [8]. Almost all the parts of this actuator are
made of non-magnetic materials except for the ferromagnetic
sphere embedded in the rotor. In the actuator unit, the
pendulum movement of the rotor is converted to translation,
which will be the output. The power output of the actuator
can be increased by installing additional rotors.

We conducted three experiments to evaluate the actuator
unit: (1) determining the imaging area affected by the ferro-
magnetic sphere, (2) determining the activation area of the
actuator unit inside the gantry of the MRI, and (3) testing
the power output to verify the performance of the developed
MRI-powered actuator unit. The first experiment is designed
to investigate the regularity and size of the affected imaging
area caused by the ferromagnetic sphere. The results of the
first and second experiment can be combined to deduce
the feasibility of activating our MRI-powered actuator unit
inside gantry. The last experiment will help specify the
requirements of the MRI-powered robotic system to be
designed based on these actuators.

We conducted all the experiments using the Achieva 3.0T
TX (Royal Philips). We set up the experiments using a
non-magnetic level gauge to make the surface of an acrylic
board parallel to the ground in order to obtain high-accuracy
results.

A. Measurement of the Area Affected by the Ferromagnetic
Sphere Inside the Gantry of the MRI

Using a ferromagnetic material inside the gantry of the
MRI will affect the imaging measurements, as it causes

<—> Radius of the blacked
out area

X
) <> Half width of the
distorted area
- X Center position of the
ferromagnetic sphere

12 mm

10 mm

Images of the Area Affected by the Ferromagnetic Sphere

distortion in the magnetic field of the MRI. To measure
the imaging area affected by the ferromagnetic sphere, we
used a cylinder-shaped phantom with a diameter of 400
mm and a height of 125 mm as the imaging target. The
ferromagnetic spheres used in this experiment were made of
chrome steel (SUJ2). The experiment was conducted using
five ferromagnetic spheres with diameters of 4, 6, 8, 10, and
12 mm. For each case, the ferromagnetic sphere was placed
on top of the phantom, at its center.

As a safety measure against the magnetic force generated
on the sphere, we made a holder made of acrylic and resin.
The holder consists of two parts: an upper cover and a lower
plate. The ferromagnetic sphere is covered with the upper
cover and is clamping the lower plate with plastic screws;
hence, the sphere is completely enclosed by the holder. By
fixing this holder with the ferromagnetic sphere on top of the
phantom, we are able to prevent magnetic attraction accidents
between the MRI and the ferromagnetic sphere.

The imaging sequence used in this experiment was the T2-
weighted Turbo Spin Echo (T2 TSE), which is often used
for imaging breast cancer. This sequence is known for its
strong tolerance against magnetic susceptibility artifacts.

Fig. 3 shows the images from each case, and Fig. 4
shows the size of the area affected by the ferromagnetic
sphere. From the figures, we can infer that the imaging area
affected by the ferromagnetic sphere increases linearly with
the diameter of the sphere. When using the 12-mm-diameter
sphere, distortion area cannot be measured because the area
distorted by the sphere is larger than the phantom. From this
result, we can infer that installing additional rotors in the
actuator unit may cause almost no negative effects to the
images.

With regard to the surgical planning, the blacked out area
is more problematic than the distorted area. The distorted
area can be corrected if we can discover the regularity of it,
but nothing can be done to correct the blacked out area of
the received images.

B. Evaluation of the Activation Area of the Actuator Unit
Inside the Gantry of the MRI

In MRI imaging, targets are usually set at the center of
the gantry of the MRI because imaging around the center
of the gantry results in the clearest obtainable images. The
use of the MRI-powered actuator unit inside the gantry
may cause some artifacts in the images, which can lead
to problems when making a surgical plan. Therefore, we
conducted an experiment to evaluate the activation area of the
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MRI-powered actuator unit. The purpose of this experiment
is to evaluate the flexibility of placing the actuator inside the
gantry in order to avoid its center.

In this experiment, the activation area on the z-z plane
was evaluated. In the experimental method, activation of the
actuator unit was observed while moving the set position
away from the center in increments of 5 cm. We first checked
the negative direction of the z-axis and then checked the
positive direction of the z-axis. The last position where the
movement of the actuator unit was observed was defined as
the end of activation area. The TSE imaging sequence was
used to activate the actuator unit.

As a result, we confirmed an activation area of 25 c¢cm in
the z-axis and 20 cm in the z-axis. Outside the activation
area, we observed a phenomenon where the ferromagnetic
sphere embedded in the rotor was pulled toward the gantry
surface of the MRI. This phenomenon was probably caused
by the lack of homogeneity of the magnetic field inside the
gantry space.

Fig. 5 shows the top view, which combines both the
affected area and the activation area of the ferromagnetic
sphere. The pink-colored circle shown in this figure rep-
resents the imaging area affected by the 8-mm-diameter
ferromagnetic sphere, and the gray-colored area represents
the activation area of the actuator using the same sphere.
From the figure, it can be deduced that by locating the
actuator unit near the edge of activation area, there will be
no artifacts in the images generated near the center of the
gantry of the MRI.

C. Evaluation of Power Output of the Actuator Unit

In this experiment, we evaluated the force and torque
generated by the ferromagnetic sphere. The results of this

experiment will be used as design criteria in the development
of the robotic system for cryoablation.

To evaluate the power output of the actuator unit, we
developed a new rotor which contains a movable weight
shown in Fig. 6. An actuator unit with vertical spin was
used in this experiment to balance the magnetic force acting
on the ferromagnetic sphere, the gravity force acting on the
counter weight, and the gravity force acting on the sphere and
other parts of the rotor. Therefore, by adjusting the position
of the weight and observing the position where the magnetic
force on the sphere and the total gravity force on the rotor
balanced out, we calculated the output force and torque of
the actuator unit.

From the obtained results, we found that the force gen-
erated by the ferromagnetic sphere is approximately 0.21 N
and the torque is 6.17 x 1073 N-m. The generated force and
torque are not very strong but can be increased by installing
additional rotors. Therefore, for a specific application, we
can calculate the number of rotors required to actuate the
target end effector.

III. APPLICABILITY OF THE SYSTEM TO
CRYOABLATION

Cryoablation [9] is a process that uses extreme cold to
destroy or damage diseased tissue. By using a special needle
to blast high-pressured gas to the targeted area, cancer cells
are rapidly frozen and necrotized. Some advantages for
cryoablation include the anesthetic effect of freezing, which
alleviates pain, and having a small effect on surrounding
tissues, making the surgery minimally invasive.

In the current under MRI cryoablation, the MRI operator
will first take the MRI images. According to images, the
position of the cancer is estimated. Then, the surgeon inserts
the needle at the estimated position. MRI imaging is also
used to confirm that the needle tip is set to the correct
position. In this current method, the bed of the MRI scanner
is moved in and out of the gantry between the processes of
imaging and needle insertion. This occurs because the space
inside the gantry of the MRI scanner is too small for the
needle insertion process. Therefore, we propose a system
that allows insertion of the needle while inside the gantry
to minimize any errors in the process while observing MRI
images, with the added benefit to minimizing the time spent
on the surgery.

IV. SPHERICAL POSITIONING MECHANISM

Breast cancer can appear at any position within the breast,
and this means that the system for needle tip positioning in
this operation has to be capable of freely positioning the
needle tip on a half-spherical surface. For this purpose, we
propose a spherical positioning mechanism, shown in Fig. 7.
The mechanism consists of a gear plate, a needle guide, and
sliders. This mechanism makes two types of movement: the
gear plate rotates horizontally and the needle guide slides
along a curved rail. This mechanism enables the needle tip
to be positioned perpendicularly against any half-spherical
surface; because of this, the operator can make a needle
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insertion with minimal injury to the breast. To decrease the
friction between moving parts we embedded non-magnetic
bearings inside the needle guide and the sliders.

The rack gear of the actuator unit powers the horizontal
rotation of this robotic system. The system will employ a
wire pulling mechanism to move the needle guide. As the
power transmission point of the needle guide will move
when the gear plate rotates, we plan to use a slider crank
mechanism to move the actuator unit. In this way, the
actuator unit will slide in a specific path in accordance with
the rotation of the gear plate. This maintains a constant
distance between the actuator and the power transmission
point: therefore, the rotation of the gear plate will not affect
the wire pulling mechanism.

V. ROBOTIC SYSTEM FOR CRYOABLATION

We developed the prototype system for cryoablation in an
MRI environment using multiple actuator units. The system
consists of three modules: actuator units to supply power, a
spherical positioning mechanism to position the needle tip,
and an outer frame.

We conducted an experiment to check the horizontal
rotation of the gear plate. From prior investigation, the force
needed to activate the needle positioning mechanism was
determined to be approximately 0.72 N. Accounting for a
safety factor of 2.0, the force needed for this robotic system
is 1.44 N. From the power output of the actuator unit,
measured in section II-C, seven rotors are needed for this
robotic system. Therefore, we constructed an actuator unit
with seven rotors and installed it in the robotic system.

Fig. 8 shows the experimental setup of the robotic system.
In this experiment, we verified the movement of the complete
robotic system by initiating a sequence that causes the rotor
to cycle ten times. Before and after making the movement,
we captured an image of markers fixed on the gear plate;
from the two images, we estimated the rotational angle of the
gear plate. We checked the operating accuracy by comparing
the actual rotational angle to the theoretical rotational angle,
which is estimated from the gear ratio of the system.

As a result, we observed an actual rotational angle of 38.0
deg. Analyzing the video, we found that the rotor stopped
twice during the ten cycles. An estimate of theoretical angle
of eight cycles is 38.9 deg, which almost matches the actual
result. We believe that friction between the constituent parts
of the robotic system caused this issue. In future work, we
will consider increasing the number of rotor segments and
taking some measures to reduce the friction between moving
parts.

VI. CONCLUSIONS

In this paper, we conducted experiments to evaluate the
performance of a newly developed MRI-powered actuator
unit. We also introduced a novel MRI-powered robotic
system for cryoablation within an MRI environment, pow-
ered by the developed actuators. From the experiment, we
confirmed the potential of the MRI-powered robotic system.
The system can be activated without having any blackouts
on the center of images, and the power can be increased by
installing additional rotors.

For future work, we plan to further study the regularity of
the image distortion caused by the ferromagnetic sphere. We
are also considering the design of a mechanism that enables
movement of the needle guide.
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