Helical axis and modeling of the upper cervical spine
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Abstract—Registration of 3D anatomical model and kinematics
data is reported to be an accurate method to provide 3D joint
simulation. We applied this approach to upper cervical spine
kinematics analysis. Although partially confirming previous results,
helical axis computation showed variations of motion patterns
dependent on movement, level and specimen.
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Previous studies investigating cervical kinematieainly
used biplanar analysis for describing joint disptaent and
motion axis location [1,2]. Several studies havggasted 3D
methods using helical axis computation for analyzin
kinematics of joints such as the knee, wrist, fant lower
cervical spine [3,4,5,6]. In this way, results chgalocument
that the helical axis (HA) provides extended dasacerning
segmental coupled motion during global movememeséhtly,
fundamental and clinical research applications domb in
vitro or in vivo kinematic data with medical imaging data
focusing on musculoskeletal functions of the hurhady are
emphasized [7,8]. Different procedures have alrehdgn
validated and provide accuracy for measuring 3Detkiatics
[8]. According to these authors, registration ofrpfmlogical
and kinematics data supplies consistent biomechhnic
information. The aims of this study were to develap
standardized protocol for analyzing upper cerviahe (UCS)
kinematics and for creating 3D modeling and simafatising
registration of individual kinematics and anatorhitaa.

INTRODUCTION

.  METHODS

A. Instrumentation and experimental set-up

To assess UCS kinematics, a 3-D caliper (Faro &06/Rev
18; Faro Technologies Inc; USA) was used for coinguthe

spatial position of bony segments in different toes of

flexion-extension (FE) and axial rotation (AR). Bamwone was
identified by technical markers (TM) consistingafiminum

balls (diameter: 4mm). Four balls were fixed on tleipital

bone (C0), 4 on the atlas (C1) and 3 on the ax23.(C

Figure 1. Experimental set-up

Motion of cervical vertebrae was applied by two afiet drills
fixed at the third cervical segment, one through tlansverse

Ten unembalmed human specimens were samplegyocesses (a) and one vertically (b) through tireeleal body

Dissection of superficial soft tissues was realized two
experimented operators to access the UCS and riisected
anatomical structures such as ligaments, suboatimpitiscles
and fascias. All these structures were kept infabe lower
cervical segments (below C3) and their related tiefiues
were removed as well as the mandible and anterdoera of
the neck.

(fig.1). Stabilization of drills assured applicatiof pure single
movement in the sagittal or horizontal plane. Ndoemal
loading was applied to the vertebral segments. €&ach
movement plane (horizontal and sagittal), 5 digcpasitions
were sampled through the full range of motion faasuring
spatial location of each bone. In addition, cooatiés of
anatomical markers (AM) (fig.2) were obtained nmeutral
position using the single point digitizing mode. Then, the



specimen was firmly fixed in this position and feozfor CT
imaging.

B. Imaging and segmentation

were displaying. In general, heterolateral bendingurred at
CO0-C1 and irrelevant motion was observed in theittség
plane at both levels.

Imaging acquisition was performed using a computegor FE, principal movement around the z-axis wasbto be
tomography system (Siemens SOMATOM, helical modegjightly larger for CO-C1 than for C1-C2. Lateranigling or

reconstruction; slice thickness = 0.5mm, intersbpacing =
1mm). The 3D reconstruction was carried out forhebone
separately using segmentation software (Amira Ian
Diego, CA, USA) to define accurate contours of theny
structures. From the same CT dataset, a seconceinetgset
was obtained including the technical markers. Ftbese two
datasets, all surface files were stored in virtuehlity
modeling language (VRML) prior to simulation prosies).

C. Kinematics computing and analysis

To compute spatial bone motion, each segmentBigposnd
orientation were determined in its local referegoerdinate
system (fig.2). After extracting angular data frothe
orientation matrix [14], kinematics data analysiaswcarried
out in a global coordinate system set on C2. Tovige
motion simulation of each 3D geometric model, aidatkd
registration method [8] was processed for
kinematics and imaging data. This procedure wafopaed
using an integrated computer graphic environmenatdD
Manager, Multimod Project IST-2000-28377)
In addition, HA parameters were computed to in@icBitA
orientation and location in the local referencetexrys such as
C1 and C2 for CO-C1 and for C1-C2 respectively. Hiata
were included into each 3D model to represent Haldion
during simulation. Inclination of the mean HA (MHA)as
also computed for each specimen in different refezeplanes
(frontal, sagittal and horizontal).
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Figure 2. Local reference system and orientatiox,gfand z axes with
respect to anatomical markers (dots).

. RESULTS

A. Global motion analysis

Average values for maximal amplitudes are foundainle 1
for C0-C1, C1-C2 levels and for CO with respec€@for FE
and AR. As expected, principal motion was obseramlind
y-axis and z-axis for AR and FE respectively.

For AR, a larger range of motion was clearly denasd for

C1-C2 as compared to CO-C1 and small coupling mstio

combining

AR was demonstrated neither at CO-C1 nor C1-C2 nor
between CO and C2.

For the entire sample, global range of motion of@Dwas
between 38 and 74 and between 25 and 49 degreA&fand

FE respectively.

TABLE 1.
AXIAL ROTATION
Co-Cl1 C1-C2 C0-C2
X 23(20) 0,5(5,2) 2,6 (4,4)
50(34)  461(125) 51,1(135)
z 08(35) 07 (5,9 0,4 (2,7)
FLEXION - EXTENSION
C0-CL ci-c2 co-c2
-0,1(1,3 0,7 (1,6) 0,9 (2,6)
y 1,733 1,9 (4,5) 0,3 (5,8)
z -191(58 -143(33 -334(57)

Global amplitudes: average (SD) in degrees arouydzaxis.

For FE and AR, relatively similar motion patternserey
observed for CO-C1 and C1-C2 in each specimen. Mexye
exceptions were noted for some cases. Concerninglexd
movement comparable patterns were also shown betwee
specimens at each spinal level.

B. Helical axislocation

Analysis of HA demonstrated different location and
orientation depending on the principal motion, treztebral
level and the specimen. HA location and orientatwere
more variable at C1-C2 for FE although mobility wady
slightly lower to the CO-C1 level (fig.3).

Average values of (and standard deviations) MHAimation

to the respective planes are shown in table 2.

TABLE 2.
frontal sagittal horizontal
AR @c1c2) -1.9(12.2) -1.5 (7.8)
FE (atCcoCl) 2.4 (7.3) 0.4 (6.8)

During FE, HAs were located at the level of the ipital
condyles and displayed little displacement and nbaigon
variation for most specimens. During AR, helicailsgxosition
was found to be at the level of the dens of C2sTbcation
was relatively constant and its orientation coroesied



mostly to the direction of the dens for all speaindfig.4).
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Figure 3. MHA orientation in the frontal and honital planes during FE and
AR at C0O-C1 and C1-C2 (10 specimens).
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IV. DISCUSSION

The objectives of this study were to develop a quwot to
investigate UCS kinematics based on previously daddid
procedures [8]. The findings of this study are watove
related to the computation of HA and modeling of$J@uring
movement.

The most recent studies on UGS vivo and in vitro
kinematics reported larger FE and AR ranges of onoti
compared to the present study [2,9]. However, mdlirfigs are
in agreement with Kettler et al. [10] and Chin le{&1].
During AR, coupled movements were observed in tgttsl
and frontal planes. These coupling motions are dedicribed
for the UCS [7,11,12]. In general, lateral bendivegs opposite
to the rotation with slight extension occurring @0-C1

variation was observed. In our study coupled flaxio
movement was very small and large variation wasoesi
for the whole sample.

Right AR Left AR

Neutral position

Figure 4. lllustration of one UCS model (atlant@dtevel) and HA location
for three different discrete positions of axialatixn.

In general, analysis of motion patterns demonsiréteat
specimens displayed similar patterns for AR as wsllFE
movement. Higher similarity was demonstrated arotimel
principal y- and z-axes of movement, respectivelifferent
patterns were more frequent during FE, where cauple
motions were observed around the y-axis in somescas

Estimation of the HA is poorly reported for cenlisegments
such as the occipitoatlantoaxial complex. Studi&d7,13]
have described an approximated instantaneous arigation
(IAR) located at the level of the axis dens dur@tyC2 AR.
According to these authors this axis should shiftirection of
the lateral mass of the atlas opposite to theiootatirection.

In our study, HA analysis showed a relatively canst
location and orientation during AR at C1-C2 leveé.( no
lateral migration) as well as during FE at the CD{&vel. For
FE localization of IAR for CO-C1 was mostly repattat the
level of the occipital condyles with different crainand dorsal
situations depending on the studies [7,9]. In dDradalysis,
estimation of HA location was in agreement with séne
previous studies but orientation variation was also
demonstrated. On the opposite, larger HA locationd a
orientation changes were observed for C1-C2 FEGOC1
AR. We believe that this observation should be atdated to
several factors such as degenerative aspects, wngy and
orientation of joints,in vitro conditions and soft tissue
stiffness, that might induce small accessory padgteof
movement. In this way, HA estimation could provide
consistent information to investigate 3D kinematiekted to
different anatomical aspects of cervical joints][IBhe latter
consideration, as previously mentioned, is curyelattking in
the biomechanics of the cervical spine.

In an attempt to compare HA data between specimens,
inclination of HA was computed in different planeBhis
method was previously used for the ankle and saibjaints

whereas flexion was present at C1-C2. However, elarg[6]-



Using a standardized procedure, this study focussed
registration methods of kinematics and imaging databtain

3D anatomical models and movement simulation ofughyeer

cervical segments. Computed kinematics and hedixil data
were integrated to UCS 3D models to provide visagion of
anatomical segment motion, joint behaviour and Hatgyn

during flexion extension and axial rotation.

These preliminary results need to be extended bgsamg
different loading conditions as well as continusnsvement
application and resulting kinematics data. In addit this

method could be the starting point for the develepimof

future in-vivo applications on asymptomatic subgeatr

patients.
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