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Summary.In vivo quantitative evaluation of lumbar
segmental stability has not been established yet. We
developed a new measurement system to determine
intraoperative lumbar stability. The purposes of this
study were to measure in vivo segmental stability and
to clarify the relationships between the preoperative
radiographic findings and intraoperative
measurement parameters. The system consisted
of spinous process holders, a motion generator,
load cell, optical displacement transducer, and
computer. A cyclic displacement (2.0 mm/s, 15 mm
maxdisplacement) of the holders produced flexion-
extension with all ligamentous structures intact.
Intraoperative measurement parameters, including
stiffness, neutral zone (NZ), and absorption energy
(AE), were determined via load-deformation data.
Twenty lumbar segments in 19 patients (M/F^10/9,
mean age 59.3 years, range 21-83 years) with
degenerative lumbar disease were studied. Range of
motion (ROM) and horizontal displacement (HD)
were determined from lateral functional X-ray using
the method by Dupuis et al. Magnetic resonance
images of all discs were categorized into Thompson'
s five grades and further into three groups: None
(grades 1 and 2, n = 6), Mild (grade 3, n = 10),
and Severe (grades 4 and 5, n = 4) degeneration.
Relationships between the radiographic findings and
the intraoperative measurement parameters were
analyzed. In all cases, intraoperative measurement
was completed within 10 min without complications.
There was no significant relationship between
the radiographic findings and intraoperative

measurement parameters. Stiffness in the Mild
group was significantly lower than that in the other
groups (None vs Mild p < 0.01, Mild vs Severe
p < 0.05). The NZ of the Mild group was higher
than that in the other groups. AE tended to be
lower in the Mild group. Our measurement system
established a method to determine stiffness, NZ, and
AE by obtaining continuous data in vivo. There were
no significant relationships between the functional
radiographic results and biomechanical data,
suggesting that conventional X-ray examinations
cannot be used to determine segmental instability.
The Mild group had less stiffness and a higher
NZ than the other groups, possibly indicating
"instability" in patients with mild disc degeneration.

Key words - intraoperative measurement, segmental
instability, lumbar spine, stiffness, neutral zone,
absorption energy.

INTRODUCTION

Lumbar segmental motion properties are investigated
using various methods. Biomechanical studies provide
information on basic motion properties in vitrol>2&
whereas radiography is used for in vivo studies 4'5).
X-rays, including functional radiograms, are
conventionally used to examine lumbar motion. The
advantages of X-rays are that no special equipment is
needed, and they are inexpensive and easy to perform.

Correspondence: Ko Takano, M.D., Division of Orthopaedic Surgery,
Kariwagun General Hospital, 2-1 1-3 Kitahanda, Kashiwazaki, Niigata
945-8535, Japan.

Abbreviations- AE, absorption energy; CV, coefficient of variation; HD,
horizontal displacement; NZ, neutral zone; ROM, range of motion.
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Ⅹ―rayS，however，OnlyrevealthemaximumpoSitionSOf

extenSion，andnexionofthelumbarSPlnedemonStrateS

●

■

atemporarypoSitionoftheSPlnebutnotitsdynamlC

motlOn．

IntraoperativemeasurementSareuSedtodetermine

dynamic motionpropertieS Ofan actuallumbar

Segment・Ebaraetal．6）developedamanualSPlnal
■

SPreader，SuSPendedbetweentwoadjacentsplnOuS

PrOCeSSeS，fbrmeaSurlngthetenSileSti伍1eSSOfsplnal

motionsegments．TheylnVeStlgatedtherelationShip

betweenSegmentalStifhess，anddiscdegenerationor

gradeddecompreSSion，andfuSionSurgeries．Brown

etal・7）furtherdevelopedaSPlnalSPreaderuslnga

COmPuterizedSyStemandconcludedthatthedevice

WaSe鮎ctlVefbrprovidingano叫ective，quantitative，

intraoperativemeaSurementOfSti軌eSSOfthelumbar
SPlneSegment．InbothStudieS，however，themotion

●

SegmentStiffneSS alonewaSmeaSuredundernon―

PhySiologlCCOndltlOnSinwhichthepoSteriorelementS
■

（e・g・SuPra―andinter―SPipousligament）wereremoved・

FromabiomechanicalvleWPOlnt，SegmentalpropertleS
●

OftheSPlnalSegmentCannOtbedeterminedonlyby

Sti飽1eSS；OtherparameterS，SuChasaneutralzone（NZ），

areneceSSary8）．
●

SlnCe1997，We have been developlng a neW

intraoperativemeasurementSyStemthroughexvivo

C揖mn恍点on緑雨n血唐hold闇・

謙md仙せm鵬hn群仙肝油腑

StudieS9）tomeaSurerealSPlnalmotionpropertieS
●

With detailedbiomechanicaldata andwith su甜―Cient

intraoperativeSaftty．ThepurpoSeSOfthlSStudywere

tomeasurelumbarSegmentalmotionpropertieSWlth

thenewdeviceandtoclarifytherelationShipbetween

radiographicmobilityuSlngfunctionalX―raySOr

diSCdegenerationuSlngmagneticresonanceimaglng
■

（MRI）andbiomechanicalpropertieSdetermined吋the
intraoperativemeaSurement．

METHODs

●　　●

Anorlglnaldeviceforintraopcrativelymeasure

lumbarsegmentalmotion

ThedeviceconSiStedofnovelSPlnOuSPrOCeSSholders

（Gi－5，Mizuhoikakikai，Niigata），aflexlOn－eXtenSion

motiongenerator（RC―RSW－L－50―S，IAICorporatlOn，

Shimizu，Shizuoka），andap？rSOnalcomputer（Fig・
1）・ThetwoholderSnrmlygrlPPedadjacentSPinouS

PrOCeSSeS（Fig．2）．Cycliccaudocephalicdisplacement

ataSPeedof2．Omm／SWaSgeneratedtothetlPOfthe
■

holderSWithamaximumdiSPlacementof15．Omm

丘omtheneutralpoSltion．TheneutralpoSitlOnWaS

de員nedasthepoSitlOnlnWhichtherewaSnOload

0画血l曲再認仁併n仇ttr乱闇ducer
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Fig・1・AnewintraoperatlVemeaSurementSyStemfbrlumbarsegmentalmotionpropertieS．AcaudalSPlnOuS
●

PrOCeSSholderiSmOVedwithamotiongenerator，loadiSmeaSuredwithaloadcell，anddiSPlacementiSmeaSured
●

uSlnganOPtlCaldiSPlacementtranSducer．
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Fig・2a・SchemeofanonglnalSPlnOuSholder・TheholdingSltehadthreesetsofspikes・
●　　　　　　　　　　　　　　　■

b，andc，Theholderfirm1ygnpStheSPlnOuSPrOCeSSeS．

■

atthemotionsegment．LoadatthetlPOfthecaudal
●

SPlnOuSPrOCeSSholderSWaSmeaSuredwithaload

Ce11（LUR－A－200NSAI，KyowadengyoCorporation，

Chofu，Tokyo）anddiSPlacementwasmeasuredusing

anoptlCaldisplacementtranSducer（LB－080，Keyence，

Chofu，Tbkyo）．Real－timeload－diSPlacementdatawere

ObtainedviaaperSOnalcomputer．TheSPlnOuSPrOCeSS
●

holderwaSCOnneCtedtothemotlOngeneratOrthrougha
∵　　　　　　　　　　　　　　　　　　∵

multi―directionalballjolnt，PrOduclngflexion－eXtenS10n

fromacaudocephaladmotion．

正吉perimentalprocedure

ThiSStudywaSinitiated砧1lowlngtheapprovalofthe
■

CommltteeOfMedicalEthicSOfNiigataUniverSlty

（approval＃182，2003）・Infbrmedc？nSentWaSObtained
丘omallpatientSWhowereexamlnedinthiSSerieS．

SegmentalmotionmeaSurementWaSPerfbrmedin

eithertheSCheduledSegmentOrtheadjacentSegment．

ThepatientwaSPlacedinthepronepoSitiononaHall’S

＆ameandparaSPlnalmuSCleSWeredetached丘omthe
■

SPlnOuSPrOCeSSeSuSlngStandardprocedureS．Two

holderswereattachedtotheaqacentSPlnOuSPrOCeSSeS．

AllligamentouSStruCtureSOfthefunctionalSPlnalunit

includingSuPra－andinterrSPlnOuSligamentSandfhcet

」01ntSWerePreSerVedintact．Themotiongenerator
■　　　●

attachedtothetlPOftheholderSloadedtheSegment，
■

PrOduclngthreeflexlOn―eXtenSionSegmentalmotion

CyCleS，andreal－timeload－displacementdatawere

ObtalnedwithaSamPlingrateof200mS．Thethird

datacyclewaSuSedfbrbiomechanicalanalySISOfthe

ViSCOelaSticpropertieSOfthesplne・
●

I）atientSandpreoperativeimageanalyses

TwentySPinalmotionSegmentSin19patientS（men，

n＝10；WOmen，n＝9；meanage59・3yearS，range

21―83yearS）withdegenerativelumbardiSeaSeW苧re

enrolledintheStudy．ThediagnoSeSWeredegeneratlVe

SPOndylosis（n＝7），1umbarcanalStenOSiS（n＝7），and

diSCOPathy（n＝6）．

LateralX―raySWeretakenunderthe followlng

COnditlOnS：lineS between the bilateralacromion

PrOCeSSeSandiliaccreStSWerePlacedperpendicularto

X―ray丘Ims，thedlStanCe圧omtheX―raygeneratOrtOthe

filmwas2．5m，andthevoltage／electriccurrentSOfthe

X―raygeneratOrWerellOkV／140mA．FirSt，anX―ray

WaStakenlntheneutralStandingpoSition，thenlnthe

maximum丘）rWardflexedlateralpoSition，and且na11y

lnthemaximumbackwardflexedlateralposition．The

PreOPerativelumbarX－raySWereSCannedandSaVed

inaperSOnalcomputerasdigitizedimageS．Theorlgln
t　　　　　●
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WaSlocatedattheleft－uPPerCOrnerOfeachscanned

image．TheX－aXiSWaSPlacedalongthehorizontal

lineoftheSCannedimageandtheYJaxiSWaSrendered

PerPendiculartotheX－aXis．Onascannedfunctional

X―rayOftheextenSionpoSition，POlntSalanda2were

definedaSthepoSterior―SuPeriorandpoSterior―inftrior

COrnerSOfthea4jacentuppervertebraateachmeasured

SPlnalsegment．PointSAlandA2werealsodenned

aSthepoSterior―SuPeriorandpoSterior－inftriorcornerS

Ofthea鴎acentlowervertebra．CIwasde凸nedaSthe
●

middlepolntOfthelinebetweentheanterior―SuPerior

andanterior―inftriorcornerS Ofthea叫acentupper

Vertebra（Fig．3）．XandYcoordinateSOfa11pointSWere

meaSuredwithimageanalySiSSOftware（Scionimage

alpha4．0．3．2）．OawaSdefinedaStheanglebetweenline

a（lineal－a2）andlineA（lineAl―A2）．AOwasdefined

aSthediStanCebetweenpolnta2andlineA．WwaS
●

definedaSthediStanCebetweenpointClandLinea．In

thesamemanner，0＠andROweredefinedonascanned

functionalXJrayOftheflexionpoSition・Oa，OP，AO，

RO，andWwere calculatedinallpreoperativeXr

rayS，andthenrangeofmotion（ROM）andhorizontal

a

J

al

W

塊二a三壬
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亡1
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』

B

A

ExtenSion

displacement（HD）weremeaSureduSingthemethodby

DupuiSetal”（Fig．3）

MRIwithal．5TmagneticreSOnanCeimagerwaS

takenina11patients．Twoexperiencedorthopaedic

SurgeOnSanalyzedallMRIimageSindependently．They

difftrentiatedfivegradeSOfdiSCdegenerationaccording

totheclaSSificationsyStemPrOPOSedbyPearcelO）．Ina

finalreadout，aCOnSenSuSdecisionofeachdiSCgrade

WaSreaChedinconftrence．Fina11y，gradeSland2were

definedasNone，3asMild，and4and5aSSevere．（Thblel）

Dataanalysis

AcharacteriSticloaddiSPlacementcurveWaSObtained

andwedennedthreemotionparameterStOdeSCribe

theSPlnalmotionpropertieS：StifheSS，neutralzone

（NZ），andabSOrPtionenergy（AE）．（Fig．4）Stiml―eSS

（N／mm）waSdefinedaStheSlopeofthelinefittingthe

load－displacementcurvefrom－15mmto－10mmon

flexionmotion．TheNZ（mm）waSmeaSuredntting

aStraightlinetotheload―diSPlacementcurve丘■Om

－5mmto5mm．TheNZwaS de員ned aSthediStanCe

a

b

。∴丑
■l

A

nexion

Rangeofmotion（ROM）＝eα＋eβ

HorizontaldiSPlacement（HD）＝‡（AO＋RO）／W‡XlOO

Fig．3．MethodSOfmeaSuringrangeofmotion（ROM）andhorizontaldiSPlacement（HD）．
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丘om－5mmtO5mm．TheNZwaSdefinedaSthedlStanCealongthiSlinerequiredtoproducealoadoflN．
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DegenerationSeVeritylevel

Fig．5．DataofmedianStifheSSObtainedwiththe

intraoperativemeaSurementSyStem．Sti魚1eSSOfSPlnal
■

SegmentSintheMildgroupwasSlgnificantlylowerthan

thoSeintheothergroups（NonevsMildp＜0．01，Mild

ySSeverep＜0・05）・TherewaSnOSigmificantdifftrence
lnStif払eSSbetweentheNoneandSeveregroupS（P＝

0．922）．

alongthislinerequlredtoproducealoadoflN．All
▲

thelineSuSedfurmeasurlngSti臨1eSSandtheNZwere

CalculateduSingtheleaSt―SquareSmethod．AE（J）waS

definedaStheareaoftheobtainedhyStereSiSloopll，12）．

PreliminaryexaminationofaporcinelumbarSPlneWaS

Perfbrmedandthereproducibilityofeachparameter

WaSdeternモined・Coefficientofvariation（CV＝

Standarddevlation／mean＊100）ofeachparameterwaS

aSfb1lowS：Sti仇1eSS（8％），NZ（8％），andAE（11％）13）．

StatiSticalanalyses were performed uSing

STATISTICAStatiSticalSO氏wareversion6．1（StatSoft，

Oklahoma，USA）．PearSOn’SPrOductmomentmethod

WaS Performed for correlation analySIS amOng
■

functionalradiographicparameterS，1ntraOPerative

meaSurementParameterS，andbetweenbothoftheSe．

TheclinicallevelofSignincancewasO．05．AnalySIS

OfeachintraoperativemeaSurementParameterWaS

PerfbrmedaSfbllowS・AfterLevene，SteStfbrequality

OfvarianceS，aOneJWayanalySiSOfvariance（ANOVA）

WaSPerformedacrosSthethreediSCdegeneration

levelS．TheclinicallevelofsignificancewaSO．05．Ifthe

One－WayANOVAreSultSindicatedadif托rencebetween

thegroups，theSchefftmethodwaSuSedfbrmultiple

COmPariSOnS．

RISULrs

RadiographicandMRIresults

The mean士Standard deviation ofROMwaS7．16土

4．94degrees．ThemaximumandminimumvalueS

Were22．74andl．09degrees，reSPeCtively．Themean

土StandarddeviationofHDwaS3．61土2．68mm．The

maximum andminimum valueS Were8．38and O．68

mm，reSPeCtively．Theincidenceofdiscdegeneration

gradesin MRIaSSeSSed by each reader were
Summarized，andtheconSenSuSreadingreSultedin4

grade－1diSCS，2grade―2diSCS，10grade－3diSCS，2

grade－4discS，and2grade―5diSCS．Wedividedthese

gradeSintothreelevelSOfseverity：None（n＝6），Mild（n

＝10），andSevere．（n＝4）

Intraoperativesegmentalmotionparameters

Themean土StandarddeviationofStifheSSWaSl．11±

0・43N，ranglngl．80toO．47N．Themean土Standard

■

deviationoftheNZwaSl・42j＝0・60，ranglng3・15to

O．83mm．Themean±standarddeviationofAEwaSO．26
●

±0．09J，ranglngO．46toO．13J．

StatiSticalreSultS

TherewaSaSlgni鮎antrelationShipbetweenrangeof

motion（ROM）andHD（R＝0．70，P＝0．0006）．There
●

WereSlgnincantrelationShipSbetweenSti仇1eSSand

theNZ（R＝―0．53，P＝0．016），NZandAE（R＝

0・60，P＝0．005），andSti紐1eSSandAE（R＝0．46，P＝

0・04）・TherewerenoSignificantrelationshipSbetween

functionalradiographicparameterSandbiomechanical

ParameterS（ROMvsSti臨1eSSR＝0．36，P＝0．12；ROM

VsNZR＝　－0．14，p＝0．56；ROMvsAER＝―0．01，

P＝0．74；HDvSSti臨1―eSSR＝0．06，P＝0．81；HDvSNZ

R＝0・22，P＝0．35；HDvSAER＝rO．31，P＝0．18）．

Themeanand Standarddeviation ofstifheSSinthe

None，Mild，andSeveregroupSareShowninFig．5．
■

StiffneSSOfSPlnalSegmentSintheMildgroupwaS

SignincantlylowerthanintheothergroupS（NonevS

Mildp＝0，00呂，MildvsSeverep＝0．046）．TherewaS

noSlgnincantdiffbrenceinStifheSSbetweentheNone

andSeveregroupS（P＝0・922）・The竺eanandStandard
deviationoftheNZandAEareShownlnFig．6．NZinthe

MildgroupwaShigherthanintheothergroups，butthere

WerenOSlgnificantdifftrenceSbetweendiSCdegeneration

●

1evelS（NonevSMildp＝0．53，MildvSSeverep＝0．98，

NonevSSeverep＝0．77）．TheSeveregrouphadthe

higheStAE，buttherewerenoSlgnificantdifferenceS

betweendiSCdegenerationlevelS（NonevSMildp＝0．81，

MildvSSeverep＝0．27，NonevSSeverep＝0．61）．
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Fig．6．DataofmedianNZandAE．TheNZintheMildgroupwashigherthanthatintheothergroupS，butthere

WerenOSignificantdifftrenceSbetweendiSCdegenerationlevels（NonevSMildp＝0．53，MildvsSeverep＝0．98，

NonevSSeveてeP＝0・77）・TheSeveregrouphadthehigheStAE，buttherewerenoSignificantdi臨rencesbetween
diSCdegeneratlOnlevelS（NonevSMildp＝0．81，MildvSSeverep＝0．27，NonevsSeverep＝0．61）．

DIsCUssION

OurmeaSurementSyStemWaS eStabliShedaS anin

VivomethodtodeterminestifheSS，NZ，andAEuslng

COntinuous data．TherearenoreportSOfasystem

thatenableStheanalySISOflumbarmotionpropertieS

Witha111igamentous StruCtureSintact．Importantly，

themeaSurementSWerePer丘）rmedinaSaftmanner，

andtherewerenolnJuriouSeVentSSuChaSftacture，

1igamentrupture，OrnerVelI叩rydurlnganyOfour
intraoperativemeaSurementS．

TherewerenoSlgnificantrelationShipSbetweenthe

functionalradiographicparameterSandintraoperative

meaSurement ParameterS．PreviouS StudieS did

notsuggeSt SlgnificantrelationShipSbetweenthe

reSultSOffunctionalradiographSandintraoperative

meaSurementS6，7）．Infact，1t SeemS reaSOnable that

thereisnorelationShipbetweentheseparameters．

WhenreglOnalROMandHD are conSidered，the
●

maximumflexionandextenSionpoSitionSarebaSed

Onthepatient’Sability．TheremightbeSOmelimitation

duetotheSeVerltyOfbackpalnandtheinfluenceSOf
●　　　　　　　■――ヽ　イ　　　　　―■　　　　　　　●

individualmuSClepowervariance．ROMandhorizontal

diplacement（HD）meaSuredbyfunctionalradiograms

repreSenttheangleanddiStanCedurlngtheStateOf

maximumflexionandextenSion，butthepoweror

torqueexertedontheSegmentiSunClear．ThereSultS

OfthepreSentStudySuggeStthatconventionalX―ray

examinationSCannOtbeuSedtodetermineintraoperative

SegmentalinStability．

Therewasanon―1inearrelationShipbetweenmeaSured

SegmentalSti穐1eSSanddiscdegenerationseverlty．In

theearlyStageOfdiSCdegeneration，SegmentalSti蝕1eSS

Slgni且cantlydecreaSedaSthegradeprogreSSed丘om

nonetomild．The StimleSS，however，increaSedaS

diSCdegenerationprogreSSedn・OmmildtoSeVere．

TheSefindingsareconSiStentWithpreviouSrePOrtSOf

intraoperativemeasurementS7）；theypoSSiblySuPPOrt

theconceptofthreeStageS OfSPlnaldegeneration
●

PrOPOSedbyKirkaldy―WilliS14）．

IthaSbeenproposedthattheNZismoStafftctedby

degenerationandthatthiSCanleadtopainfu1motion8）．

Toourknowledge，therearenoreportSOfinveStlgationS
●

inwhichtheNZwaSuSedaSanintraoperativemotion

Parameter．AninvitTT）StudywithfreShhumancadavers

reportedthattheNZincreaSedSlightlywithgreaterdiSC

degenerationinlumbarflexion―eXtenSionmotion3）．In

thepreSentStudy，theNZtendedtoincreasewhenthe

initialstageofdiSCdegenerationincreaSed凸・OmnOne

tomild．The NZ，however，didnotincreaseaSdiSC

degenerationprogreSSedfurther，SuggeStlngthatdisc

degenerationprocessesdurlngtheprogreSSion丘■Om

mildtoSeVerePrOduceStability14）．

FewreportS diSCuSS the relationShip between

diSCdegenerationandAEorhyStereSiS．AStudyof

humancadaverSindicatedthathyStereSiSVarieswith

age，iSlargeinyoungpeople，butdecreaSeSinthe

middledecadeSOflifヒ11）．Inthatreport，however，the

actualvarianceofhyStereSiSandchangeSWithdiSC

degenerationwerenotreported．AninvitroStudy

ClarinedthatexperimentaldiSC明uryreducedthe
■　　　■

hyStereSiSinflexionandextenSionSPlnalmotion15）．

Weconcludedthatthereducedhysteresiscouldbe

explainedbytwofhctorS：thepeakmomentreduction

PrOducedbylqury，andthenetenergyloSSfrom
＝



8　　　　K―．TAKANOetal．

theannulardiSCnberSreducedbythelIt］ury．Inthe

■　　　●

PreSentStudy，AEdecreaSedintheearlyStageOfdisc

degeneration（NonetoMild）andincreaSedinthe

laterstage（Mildto Severe）．Inparticular，AEwaS

higheStintheSeVereStageOfdiSCdegeneration．AE

mightbereducedbyanannulartearinthemilddiSC

degenerationstage．IntheSeVerediSCdegeneration

Stage，hypertrophyofdegeneratedSO氏tiSSue（i．e．，fhcet

JOlntCaPSule，ligamentumflavum，andcalcineddisc

annulus）andhypoTlObilityofankylosedfhcetjoints
mightcontributetolnCreaSedAE．

ThiS StudyhaS SOmelimitationS．Thenumberof

SPeCimenSWaSnOtlarge enoughforacomplete

StatiSticalanalySISOftheprobabledifftrenceSamOng

discdegenerationlevelS．Further，the SPlna11evel

difftrencefbreachsplnalmotionSegmentWaSnOt

inveStlgatedinthiSStudy．Anotherm往lOrlimitationwaS
●　　　　　　　　―■　●　　　　―■　■　　　　　　　　　―■　　　　　▲　　　　　　―■　　　　　　　　　　　■

thelack ofStandardization ofindividualdif托renceS．

Since almostallintraoperativemeaSurementWaS

PerfbrmedonaSPlnalmotionSegmentinapatient，there

Wereindividualdif托rencesamongthemeasurements．

OneStudyofintraoperativemeaSurementSrePOrted
that StifheSS meaSurementS did not correlate with

the clinicalreSults ofsurgery－6）．The studyonly

evaluatedSegmentalStifheSSandpoSSiblymiSSeda

real“SegmentalinStability”，WhichShouldbeclarified

uSlngmultiplebiomechanicalparametersincludingthe

NZ．WtbelievethatwiththeuSeOfourintraoperative

meaSurementSyStem“SegmentalinStability”canbe

determineduslngSti臨1eSS，NZ，andAEaSParameterS．

Therefore，further accumulation ofclinicaldata

On SegmentalpropertieSuSlngthiS SyStem Should
contributetodeterminetheindicationfbrlumbarfuSion

surgeries．
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