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SUMMARY 
Knowledge of the cervical spine kinematics is essential for 
understanding the function of cervical spine and all aspects of 
clinical management of spinal problems.  The current study 
developed a new CT-to-planar fluoroscopy registration 
method with an anti-collision technique.  For each dynamic 
single-plane fluoroscopic image frame, the 3D CT model of 
each vertebra of a motion unit was registered separately to the 
2D image using the Weighted Edge-Matching Score (WEMS) 
method.  After that, the two vertebral models of the motion 
unit with a total of 12 degrees of freedom (DOF) were 
registered simultaneously using the WEMS method with anti-
collision.  In the optimization-based registration procedure, 
four combinations of the DOF’s were considered as design 
variables, namely 2-DOF, 6-DOF, 8-DOF and 12-DOF.  An in 
vitro experiment was performed to compare the measurement 
accuracy of the original WEMS method and the 4 methods 
with anti-collision.  The results showed that inclusion of anti-
collision was able to improve the accuracy of the WEMS 
method.  The measurement bias and precision were improved 
to <1mm and <1° using the 6- and 8-DOF methods, which 
were considered acceptable for measuring cervical 
intervertebral kinematics. 
 
INTRODUCTION 
Knowledge of the cervical spinal kinematics is essential for 
understanding the function of the cervical spine and for all 
aspects of clinical management of spinal problems [1], 
contributing to  the understanding of the changes after disk 
degeneration [2] and the effects after surgical fusion [3], and 
to the evaluation and comparison of various surgical 
approaches [4].  Therefore, an accurate method for measuring 
cervical inter-vertebral motion is needed.   
Several in vivo and in vitro techniques have been developed to 
investigate cervical spinal kinematics, but few allowed 
noninvasive measurement of the three-dimensional (3D) 
dynamic inter-vertebral motion under physiological weight-
bearing conditions.  Bone model-based 3D fluoroscopy 
methods using bi-planar fluoroscopy were developed and 
applied to measuring kinematics in various joints including the 
lumbar spine [5].  However, the two projection beams of a bi-
planar fluoroscopy restrict the volume of measurement and 
thus the subject’s motion.  Radiation dosage involved was also 
a limitation.  3D fluoroscopy methods using single-plane 
fluoroscopy were a good alternative [6], involving only half of 
the radiation dosage of the bi-planar method.  Unfortunately, 

existing planar fluoroscopy methods are limited in the 
measurement accuracy for the out-of-plane translation 
component.  Therefore, there was a need in developing a more 
accurate single-plane 3D fluoroscopy method for accurately 
measuring 3D cervical inter-vertebral motion. 
The current study aimed to develop a new single-plane 3D 
fluoroscopy method with an anti-collision mechanism to 
prevent collisions of the adjacent vertebrae during the image 
registration process; and to compare the measurement errors 
of 4 types of the new method via an in vitro experiment. 
 
METHODS 
Each of four porcine cadaveric cervical spine fixed at different 
flexion positions with several spatially distributed crystal 
markers in a plastic tube filled with paraffin was used to 
evaluate experimentally the measurement errors of the WEMS 
method and the new method (i.e. WEMS with anti-collision).  
The fixed specimens were imaged by a CT (Imatron Model C-
150L, USA) and a bi-planar fluoroscopy (AXION Artis, Floor 
Stand dFC, Siemens, Germany).  The relative poses of the 
vertebrae were determined by the CT data and the markers 
were used to determine the global poses of the spines by a 
modified RSA method.  These bone poses were then taken as 
the gold standard.   
 
The 3D CT model of each vertebra of a motion unit was 
registered separately to the 2D dynamic fluoroscopic images 
from one image plane of the bi-planar fluoroscopy using the 
Weighted Edge-Matching Score (WEMS) method [6] (Fig. 1).  
In order to improve the accuracy of the WEMS method, a new 
multi-bone model registration algorithm was developed, which 
incorporated an anti-collision mechanism to remove 
physically infeasible regions during the optimization-based 
registration process.  The collision of two adjacent bones was 
detected by checking a normal distance measure between the 
vertices of two opposing surfaces, called penetration distance.  
When a vertex on one bone model penetrated the surfaces of 
the other bone model, the penetration distance was calculated 
as the minimal distance between this penetrating vertex and 
the opposing bone surface.  The largest among all the 
penetration distances was then taken as the collision index to 
be minimized.  This collision index was also given a penalty 
when its value is greater than the voxel size of the CT data.  
Since the resulting optimization problem is a multi-objective 
one, a weighting method with Lagrange multipliers was used 
to solve the problem. 



With the vertebral poses obtained from the original WEMS 
method as the initial guesses, the two vertebral models of the 
motion unit with 12 degrees of freedom (DOF) were then 
registered simultaneously using the WEMS method with anti-
collision.  In the new optimization-based registration 
procedure, four sets of design variables were considered: 2-
DOF (out-of-plane translations of the vertebrae), 6-DOF (all 
translations of the vertebrae), 8-DOF (out-of-plane translations 
and all rotations of the vertebrae), and 12-DOF (all 
translations and rotations of the vertebrae).   
The differences of the joint poses between the results 
calculated by the 3D fluoroscopy methods and the gold 
standard were defined as the measurement errors.  The errors 
across all specimens and poses were averaged for each method.  
The mean represented the bias of the method and the standard 
deviation represented the precision. 
 

 
Fig. 1:  A self-developed graphical user interface (GUI) for 
the WEMS-based CT-to-fluoroscopy registration methods 
considered in the current study.  The GUI assists the user in 
fast positioning the bone models to match with the 
corresponding fluoroscopic images from (a) the viewpoint of 
the X-ray source and (b) an arbitrary oblique view.   
 
RESULTS AND DISCUSSION 
The original WEMS method gave very high precision and 
small bias for in-plane translation and all rotations 
components.  However, the out-of-plane translation errors 
were greater than errors of the other DOF’s both for the bias 
and precision.  Since the spinal vertebrae have irregular shapes, 
we took the advantage of this feature and proposed the new 
WEMS method integrated with the anti-collision technique in 
the hope of improving the accuracy in the out-of-plane 
translation component.  The current results showed that the 2-
DOF method failed to improve the measurement accuracy, 
while the 6-, 8- and 12-DOF methods improved significantly 
the measurement accuracy, especially for the out-of-plane 
translation component (Figs. 2 and 3).  Among all the methods, 
the 6- and 8-DOF methods gave better precision and bias for 
all DOF’s, with all the measurement errors well within 1 mm 
and 1 ° .  These were considered acceptable for measuring 
cervical inter-vertebral kinematics. 
 

 

Fig. 2:  The means of the errors (bias) in all translation and 
rotation components for the WEMS method and the 4 types of 
WEMS with anti-collision. 
 

 

Fig. 3:  The standard deviations of the errors (precision) in all 
translation and rotation components for the WEMS method 
and the 4 types of WEMS with anti-collision. 
 
CONCLUSIONS 
In the current study an anti-collision technique was 
successfully incorporated into the WEMS method which uses 
single-plane fluoroscopy for measuring 3D cervical spinal 
kinematics.  An in vitro validation experiment was performed 
to compare the performance of the new approach and the 
original WEMS method.  The proposed new method produced 
better accuracy for all components with 6-DOF and 8-DOF 
anti-collision approach.  The means and standard deviations of 
the errors for these two methods were well within 1 mm and 1°, 
which were better than previous single-plane 3D fluoroscopy 
methods.  These methods will be useful for measuring cervical 
inter-vertebral kinematics for research and clinical 
applications. 
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