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SUMMARY 
Registration of 3D anatomical models and kinematics data is 
reported to be an accurate method to provide 3D joint 
simulation [1]. We applied this approach to the upper 
cervical spine (UCS) to create musculoskeletal models with 
movement representation including helical axis (HA) and 
muscle moment arms (MA). 
Kinematics and CT imaging data were sampled in five 
anatomical specimens. UCS displacements were computed 
using optoelectronic stereophotogrammetry motion capture 
system for axial rotation (AR), flexion extension (FE) and 
lateral bending (LB). Kinematics was processed using the 
orientation vector method and helical axes computation. 
Computerized tomography was used to create anatomical 
models and to assure kinematics and imaging data 
registration to combine data for simulation.  
Muscle MA were computed using two different methods, the 
geometric method and the tendon-excursion method.   
Kinematics data were in agreement with previous in vitro 
study. For HA (i.e., orientation), low variation was observed 
for each movement of interest. The main HA attitude was 
vertical at C1-C2 during AR and LB, and transversal at C0-
C1 during FE.      
Muscle data analysis showed comparable MA variations 
between computation methods with mean correlation 
coefficients upper to 0.900 (p<0.05). Quantitatively, 
magnitudes were larger for the direct method than for the 
indirect method dependent on muscle and movement.  
In neutral position of UCS, effective MA magnitudes were 
similar compared to previous studies.  
We developed a protocol to create specific-UCS 
musculoskeletal modelling with three-dimensional 
continuous motion simulation including HA, suboccipital 
muscles and their moment arms representation. In this study, 
simultaneous segmental movement simulation and display of 
HA variations was shown to be feasible. Although partially 
confirming previous results, helical axis computation 
showed variations of motion patterns dependent on 
movement, level and specimen. 
 
INTRODUCTION 
Functional impairments of the cervical spine demonstrated 
quantitative as well as qualitative kinematics involvements. 

These clinical features could be accompanied by pain or 
discomfort.  
For kinematics, 3D axis of rotation orientation is also 
reported to provide qualitative data of motion. For the 
cervical spine, these features are only reported for global 
movement of the head or segmental displacements at the 
lower cervical spine. Only few studies have reported such 
data in 2D for the UCS [2,3]. 
In another way, clinical studies are also considered with deep 
cervical muscle impairments in the function and stability of 
the spine [4]. 
In order to provide a better understanding of the mechanical 
role of the deep muscles of the UCS, the objective of this 
study attempt to analyse kinematics and muscle MA 
characteristics during flexion-extension, lateral bending and 
axial rotation movements. Moreover, results are presented 
using musculoskeletal modelling and movement 
representation including helical axis and muscle moment 
arm.   
 
METHODS 
Specimens 
Five unembalmed human specimens were processed to 
conduct this study. For each specimen, the spine was cut 
below C4 to separate the UCS from the remaining structures. 
The UCS preparation was mounted on a customized jig with 
the head upside down following a previous protocol [5]. On 
each UCS bone (C0, C1, C2) a technical marker was set that 
corresponded to a cluster of four reflective markers 
(ClustVicon). Two surgical pins were rigidly screwed into C4 
for applying UCS displacements during kinematics 
measurements. An inextensible wire was attached on each 
pin to assure displacements in each plane of interest. For 
each movement (FE, LB and AR), 3 repeated trials were 
performed during 3 different sessions. ClustVicon 
displacements were recorded using optoelectronic 
stereophotogrammetry motion capture system (Vicon 612, 
frequency 60Hz, 5 cameras). For each trial, data were 
normalised and averaged according the principal 
displacement component for further analysis.  
 
 
 



Medical imaging and 3D bone model reconstruction 
Computed tomography (Siemens SOMATOM, helical mode, 
slice thickness = 0.5 mm, inter-slice spacing = 1 mm, image 
data format: DICOM 3.0) was performed in neutral position. 
CT data were segmented to obtain 3D models of all UCS 
bones (Amira 4.0). Clusters were also segmented for which 
spatial locations (ClustCT) were used for further registration 
of the available 3D models to the corresponding ClustVicon. 
This registration method is described elsewhere in details 
[2]. 
  
Kinematics computing and analysis 
Spatial bone motion was computed according its position 
and orientation within the local anatomical coordinate 
system as defined previously [5]. From the above data, 
instantaneous helical axis (IHA) parameters (i.e., orientation 
and position) were determined and integrated into the 3D 
model to represent axis behaviour over the range of motion 
for each UCS level. 
 
Muscle data collection and moment arm computation 
After registration, muscle attachments (i.e., origin, insertion) 
were determined on each final 3D model using virtual 
palpation procedure for the suboccipital muscles (rectus 
capitis posterior major (RCPM), rectus capitis posterior 
minor (RCPm), obliquus capitis inferior (OCI) and obliquus 
capitis superior (OCS)) (figure 1). 
In this study, muscles were considered as rectilinear 
elements without particular wrapping around bony or other 
muscular structures. Two methods were applied to estimate 
their MA, the tendon excursion method and the geometric 
method [6]. The latter consists in determining the shortest 
distance between muscle line action and IHA (figure 1).  
     
RESULTS AND DISCUSSION 
Motion reproducibility and range of motion 
Regarding the main displacements, multiple correlation 
coefficients (> 0.889) demonstrated repeatable movements. 
RMS was less than 1° and 2.5° for coupling and principal 
movements respectively. The main angular displacements 
occurred at C0-C1 for FE and at C1-C2 for AR and LB. On 
average, these rotations were in 17°, 42° and 28° 
respectively. For LB, principal movement occurred around 
the vertical anatomical axis (y-axis), as for AR.  
 
IHA orientation and location 
For each motion, IHA was determined at C0-C1 and C1-C2 
levels, except for C0-C1 AR due to the poor mobility at that 
level. IHA orientation was less variable at C0-C1 for FE and 
at C1-C2 for RA and LB. For the latter level, no significant 
difference was observed between RA an LB IHA data 
(Wilcoxon rank test, p>0.05). During C0-C1 FE, IHA was 
orientated transversally through the base of the mastoid 
processes while for C1-C2 AR and LB axis was found to be 
aligned with the dens of C2. 
 
Muscle moment arm 
Comparative analysis between direct and indirect methods 
showed similar MA variations with average correlation 

coefficients ranged from 0.910 to 0.975 (min:0.700 - 
max:0.999). Larger magnitude values were systematically 
observed for the direct method with differences (root mean 
square error) ranging from 2 mm to 13.2 mm dependent on 
the movement and the muscle. In neutral position, RCPM 
had larger magnitudes in FE as well as in AR compared to 
the remaining muscles, respectively 43 mm and 36 mm. Poor 
MA magnitudes were found for OCI muscle in FE (~ 5 mm). 
 

 
Figure: 1. Suboccipital muscles representation, RCPm (A), RCPM (B), OCI 
(C) and OCS (D), muscle attachments (MM). 2. Muscle moment arm (MA 
and instantaneous helical axis (IHA) for C1-C2 AR. 3. Example of IHA 
variation during AR at C1-C2, lateral and frontal views. 
 
CONCLUSIONS 
This study aimed at analysing UCS kinematics and muscle 
moment arm during AR, FE and LB allowing data fusion 
into specimen–specific UCS 3D models. Such processing 
provided advanced representation of bone motion, 
continuous kinematics, helical axis and moment arm. 
Comparison between MA computing methods showed 
qualitative similarities in magnitudes variation during 
movement but quantitative differences. The tendon 
excursion method provided comparable data in neutral 
position to previous studies [7,8].   
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