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Abstract

BACKGROUND CONTEXT: Previous research has quantified cervical spine motion with conventional measurement techniques (eg, cadaveric studies, motion capture systems, and fluoroscopy), but these techniques were not designed to accurately measure three-dimensional (3D)
dynamic cervical spine motion under in vivo conditions.
PURPOSE: The purposes of this study were to characterize the accuracy of model-based tracking
for measuring 3D dynamic cervical spine kinematics and to demonstrate its in vivo application.
STUDY DESIGN: Through accuracy assessment and application of technique, in vivo cervical
spine motion was measured.
METHODS: The accuracy of model-based tracking for measuring cervical spine motion was determined in an in vitro experiment. Tantalum beads were implanted into the vertebrae of an ovine
specimen, and biplane X-ray images were acquired as the specimen’s neck was manually moved
through neck extension and axial neck rotation. The 3D position and orientation of each cervical
vertebra were determined from the biplane X-ray images using model-based tracking. For comparison, the position and orientation of each vertebra were also determined by tracking the position of
the implanted beads with dynamic radiostereometric analysis. To demonstrate in vivo application of
this technique, biplane X-ray images were acquired as a human subject performed two motion
tasks: neck extension and axial neck rotation. The positions and orientations of each cervical
vertebra were determined with model-based tracking. Cervical spine motion was reported with standard kinematic descriptions of translation and rotation.
RESULTS: The in vitro validation demonstrated that model-based tracking is accurate to within
60.6 mm and 60.6 for measuring cervical spine motion. For the in vivo application, there were
significant rotations about all three anatomical axes for both the neck extension and axial neck
rotation motion tasks.
CONCLUSIONS: Model-based tracking is an accurate technique for measuring in vivo, 3D,
dynamic cervical spine motion. Preliminary data acquired using this technique are in agreement
with previous studies. It is anticipated that this experimental approach will enhance our understanding of cervical spine motion under normal and pathologic conditions. Ó 2010 Elsevier Inc. All
rights reserved.
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The cervical spine is a complex system of vertebral
bones, intervertebral discs, muscles, and ligaments. Motion
of the cervical spine is accomplished by the relative movement of seven motion segments (ie, two adjacent vertebral
bodies and an intervertebral disc), and each motion segment
contributes uniquely to the movement of the cervical spine.
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Significant research efforts have focused on measuring cervical spine motion in an effort to understand normal motion
patterns and the manner in which these motion patterns are
affected by pathologic conditions (eg, degenerative disc
disease) and treatment. However, accurately measuring
cervical spine motion during functional activities—particularly under in vivo conditions—remains a significant
challenge.
Previous research has relied on a variety of experimental
approaches for quantifying cervical spine motion. These include conventional motion capture systems [1,2], cadaveric
studies [3,4], static imaging techniques [5–14], and twodimensional (2D) dynamic imaging techniques [15,16].
Conventional motion capture systems that record the position of skin-mounted markers or sensors are capable of recording data under a wide variety of dynamic in vivo
conditions. However, the externally positioned markers
are susceptible to errors introduced by skin movement,
and therefore, this approach is highly limited in the accuracy with which it can measure the motion of individual
vertebrae. Cadaveric studies are capable of providing
highly accurate measures of joint position and motion but
cannot accurately reproduce the joint forces, muscle forces,
and complex motion patterns associated with in vivo conditions. Two-dimensional radiography (ie, conventional X-ray
imaging) has contributed extensively to the understanding
of spine motion, but these studies have been restricted to
intervertebral measurements at static neck positions.
Furthermore, 2D imaging techniques are limited in their
ability to accurately quantify out-of-plane motions. Static
three-dimensional (3D) imaging has been performed with
magnetic resonance imaging and computed tomography
(CT), but these imaging modalities are largely restricted
to acquiring static images as dynamic imaging systems
are not yet widely available. Two-dimensional dynamic
imaging studies (eg, fluoroscopy) can assess intervertebral
translations and rotations throughout the full range of
motion. However, these studies are again based on planar
radiography and cannot characterize 3D motion with high
levels of accuracy.
More recently, techniques have been reported that can
measure in vivo, 3D spine motion. Dynamic radiostereometric analysis (RSA) has been used to measure 3D motion of the
lumbar spine [17]. This technique provides highly accurate
measures of 3D lumbar spine motion under in vivo conditions
by tracking the 3D position of implanted tantalum beads from
biplane X-ray images. However, the invasive nature of this
technique (specifically, the implantation of tantalum beads
under sterile conditions that is necessarily performed in conjunction with a surgical procedure) limits the number of willing study participants and ensures that the technique cannot
be used to study normal motion or the effects of nonsurgical
treatment. The validation of a dual fluoroscopy and an imagematching technique for measuring in vivo motion of the
lumbar spine has also been reported [18]. This technique is
promising because it does not rely on implanted tantalum

beads and is capable of measuring 3D dynamic motion, but
the accuracy with which this technique can measure rotations
(a critical parameter in the assessment of vertebral motion)
was not reported and is therefore unknown.
To overcome the limitations associated with previously
reported techniques for measuring in vivo cervical spine
motion, our laboratory has developed a method for tracking
the motion of cervical vertebrae from biplane X-ray images
based on their 3D shape and density. The objectives of this
study were to characterize the translational and rotational
accuracy of this measurement technique and to demonstrate
its in vivo application. Based on previous experience with
this technique, we expected that the model-based tracking
technique would be accurate to within approximately 0.5
mm in translation and 1 in rotation.

Materials and methods
Overview
We have developed a technique for measuring 3D, dynamic, in vivo motion of the cervical spine. To validate this
technique, we implanted tantalum beads into two vertebral
bodies of an ovine cadaver specimen; recorded biplane radiographic images of the cervical spine while manually
moving the specimen’s neck; measured the 3D position
and orientation of the two vertebrae using the modelbased tracking technique; measured the 3D position and
orientation of the two vertebrae by tracking the implanted
tantalum beads with dynamic RSA; and then compared
the results of the two techniques. The dynamic RSA
method was used as the ‘‘gold standard’’ for comparison.
Finally, one subject with no history of spine pathology or
previous spine surgery was tested to demonstrate the in vivo
application of this measurement technique.
Validation of model-based tracking technique
Four 1.6-mm-diameter tantalum beads were implanted
into the third (C3) and fourth (C4) cervical vertebrae of
one ovine cadaver specimen. The skull, the occiput, and
cervical spine segments C1–C5 were available for testing.
All soft tissues surrounding the vertebrae remained intact.
The ovine cadaver specimen was selected for its ease of
procurement, low cost, and similarity of the cervical vertebra in shape and size to those of the human cervical vertebra. The four tantalum beads were widely distributed
throughout each vertebra. The instruments for implanting
the markers consisted of matched stainless steel cannulas,
inserts, and drill guides with depth stops. The cannula/
insert was used to drill a hole through the bone at the proper
angle and to the proper depth. The insert was removed, and
a bead was inserted into the cannula surrounded by bone
wax and pushed to the end of the hole. The position of each
bead within bone was verified using static radiography.
The specimen was secured to a custom apparatus with the
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C3–C4 levels centered within the 3D imaging volume of
a biplane X-ray system [19]. Biplane X-ray images were
acquired as the specimen was manually moved through
two motion tasks: neck extension and axial neck rotation.
For the neck extension motion task, the head of the cadaver
specimen was moved from a position of full flexion to full
extension (Fig. 1, left). For the axial neck rotation motion
task, the head was rotated from a position of maximal right
rotation to maximal left rotation (Fig. 1, right). Three trials
were conducted for each motion. Biplane X-ray images
were also acquired for three static trials. The biplane Xray images were acquired at 60 Hz for 2 seconds with the
X-ray generators in pulsed mode (70 KV, 160 mA) and
video cameras shuttered at 1/250 seconds to eliminate motion blur.
After testing, CT images were acquired using a clinical
scanner (LightSpeed VCT; GE Medical Systems, New
Berlin, WI, USA). Imaging parameters included a field of
view of 130 mm, a 512512 reconstruction matrix, and
a voxel size of 0.250.251.25 mm. The CT images of
the C3 and C4 vertebrae were then segmented from surrounding bones and soft tissues using commercial software
(Mimics 12.0; Materialise, Leuven, Belgium) and reconstructed to generate a 3D bone model.
The 3D position and orientation of each cervical vertebra were determined from the biplane X-ray images using
a model-based tracking technique [20]. Briefly, this technique generates a pair of digitally reconstructed radiographs by ray-traced projection through the CT bone
model. The 3D position and orientation of a given bone
can then be estimated by optimizing the correlation between the two digitally reconstructed radiographs and the
two biplane X-ray images. This technique allowed for the
independent determination of the 3D position and orientation of C3 relative to C4 for all frames of each trial. For
comparison, the 3D position and orientation of C3 relative
to C4 were also determined using the dynamic RSA technique [19]. This represented the gold standard position of

C3 and C4 and was used to quantify the accuracy of the
model-based tracking technique. This RSA technique has
been shown to be accurate to within 60.1 mm [19].
To report the accuracy of the model-based tracking technique in clinically relevant terms, an anatomical coordinate
system was created with custom software for each vertebra
(Fig. 2) [21]. To accomplish this, three anatomical landmarks were selected: the center of the vertebral body and
the centers of the left and right lateral masses. The center
of the vertebral body was determined by manually fitting
a sphere to the vertebral body. The local anatomical coordinate system was defined by three orthogonal vectors. The
left and right lateral mass points defined the lateral mass
vector, which was nominally aligned in the medial-lateral
(ML) direction. The X-axis (termed anterior-posterior
[AP] axis) was defined as the midpoint of the lateral mass
vector and the center of the vertebral body sphere and was
oriented in the AP direction. The Z-axis (termed superiorinferior [SI] axis) was defined as the cross product of the
AP-axis and the lateral mass vector and was oriented in
the SI direction. Last, the Y-axis (termed ML-axis) was defined as the cross product of the SI-axis and the AP-axis
and was oriented in the ML direction [21].
For each trial, 3D kinematics (ie, translations and rotations) of C3 relative to C4 were calculated based on the
position and orientation data determined from the biplane
X-ray images. Using the terminology reported by Stokes
[21], lateral bending was defined as rotation about the
AP-axis; flexion-extension was defined as rotation about
the ML-axis; axial rotation was defined as rotation about
the SI-axis; AP translation was defined as translation along

Fig. 1. Two motion activities were examined in this study. (Left) For the
neck extension motion task, motion began with their neck in full flexion
and extended to full extension. (Right) For the axial neck rotation motion
task, motion began with the neck fully rotated to the right and then fully
rotated to the left.

Fig. 2. An anatomical coordinate system was defined by three anatomical
landmarks: (1) the center of the vertebral body and the centers of the (2)
left and (3) right lateral masses. The anatomical coordinate system for each
vertebra is aligned in the anterior-posterior (AP), medial-lateral (ML), and
superior-inferior (SI) directions. A human C5 vertebra is shown.
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the AP-axis; LR (left-right) translation was defined as
translation along the ML-axis; and SI translation was defined as translation along the SI-axis. Expressing these kinematic data in a common anatomical coordinate system
allows for a direct comparison between the model-based
tracking and dynamic RSA techniques.
Translational and rotational accuracy were quantified in
terms of bias and precision [22]. Bias was defined as the
mean difference between the two measurement techniques
(model-based tracking and dynamic RSA). Precision was
defined as the standard deviation of the model-based measurements across all frames in the static trials. Additionally,
overall dynamic accuracy was defined as the root mean
square error between the two measurement techniques.
Bias, precision, and dynamic accuracy were calculated
for each of the six kinematic outcome measures. A t test
was used to determine if the bias was significantly different
than zero, with significance set at p!.05.
In vivo application
To demonstrate in vivo application of the model-based
tracking technique, one subject (male, age 27 years) with
no history of spine pathology or previous spine surgery
was tested. Following Institute Review Board approval,
the subject was seated with their neck centered in the biplane X-ray system. Biplane X-ray images were acquired
at 60 Hz during two motion tasks: neck extension and axial
neck rotation. For the neck extension motion task, the subject began with their neck in full flexion and extended to
full extension (Fig. 1, left). For the axial neck rotation motion task, the subject began with their neck fully rotated to
the right and then fully rotated to the left (Fig. 1, right). A
static image was then recorded with the subject seated upright and facing forward to determine the neutral position.
Three trials were collected per motion task.
To characterize the relationship between intervertebral
motion (acquired with the biplane X-ray system) and gross
head/neck motion, motion of the head relative to the torso
was determined using a conventional video-based motion
capture system. To accomplish this, spherical skinmounted reflective markers were affixed to the subject’s
head and torso. On the head, three reflective markers were
secured to the top of the skull (left, centered, and right) using a custom head mount. On the torso, reflective markers
were secured to the left and right shoulders at the site of the
acromion and at the base of the cervical spine on the upper
back. During each motion task, the position of each reflective marker was simultaneously recorded at 60 Hz using
a five-camera motion capture system (Motion Analysis
Corp., Santa Rosa, CA, USA). The acquisition of the reflective surface marker data was synchronized with that of the
biplane X-ray images. Using the same coordinate system
notation defined for the individual vertebrae (Fig. 2), anatomical coordinate systems were created for both the head
and torso that were aligned in the AP, ML, and SI

directions. Using these coordinate systems, 3D rotations
of the head with respect to the torso were calculated. Specifically, extension of the neck was defined as rotation
about the torso’s ML-axis, whereas axial rotation of the
neck was defined as rotation about the torso’s SI-axis.
These neck rotations were calculated for each frame of every trial and were synchronized with the X-ray–based kinematic measures.
After biplane X-ray testing, a CT image of the subject’s
cervical spine from C3 to the first thoracic vertebrae (T1)
was acquired. Imaging parameters included a field of view
of 130 mm, a 512512 reconstruction matrix, and a voxel
size of 0.250.251.25 mm. Individual 3D bone models of
C4, C5, C6, and C7 were created by manually segmenting
each vertebra from other surrounding bones and soft
tissues.
The 3D position and orientation of each vertebra were
determined from the biplane X-ray images using the
model-based tracking technique [20]. An anatomical coordinate system was created for each vertebra using anatomical landmarks and vector cross products as previously
described (Fig. 2). The 3D translations and rotations of
each pair of vertebrae (ie, C4–C5, C5–C6, and C6–C7)
were calculated using the positions and orientations determined with model-based tracking. Specifically, the six
kinematic outcome measures included lateral bending,
flexion-extension, axial rotation, AP translation, LR translation, and SI translation.
Intervertebral rotations (determined from the biplane
X-ray images) were plotted against neck extension angle
(determined from the video-based motion capture system)
for the neck extension motion task. Similarly, intervertebral
rotations were plotted against axial neck rotation angle for
the axial neck rotation motion task. For each motion task,
total rotational range of motion about each anatomical axis
was calculated and averaged across the three trials. A t test
compared the total range of motion about each axis to zero,
with significance set at p!.05.

Results
Validation of model-based tracking technique
The model-based tracking technique produced results
that were in excellent agreement with the RSA technique.
For translational accuracy, bias ranged from 0.10 to
0.56 mm and was not significantly different than zero
(Table 1, p5.30). Precision was less than 60.15 mm, and
dynamic accuracy was within 60.56 mm (Table 1). For rotational accuracy, bias ranged from 0.89 to 0.63 and was
not significantly different than zero (Table 2, p5.49). Precision was less than 60.26 and dynamic accuracy was less
than 60.61 for the predominant rotations associated with
the flexion-extension and axial rotation tasks (Table 2).
Thus, this study demonstrated that the model-based tracking technique is capable of measuring cervical spine motion
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Table 1
Translational accuracy characterized in terms of bias, precision, and
overall dynamic accuracy
Applied motion
Translation
Bias
AP translation
LR translation
SI translation
Precision
AP translation
LR translation
SI translation
Dynamic accuracy
AP translation
LR translation
SI translation

Flexion-extension

Axial rotation

0.5660.33
0.3460.21
0.3260.12

0.1060.21
0.2360.11
0.4460.17

0.12
0.11
0.15
0.5660.32
0.3560.18
0.3260.12

0.2360.17
0.2360.11
0.4460.17

AP, anterior-posterior; LR, left-right; SI, superior-inferior.
All data are expressed in millimeters.

to within 60.56 mm and 60.61 . These findings are consistent with previous validation studies conducted in our laboratory that have reported the accuracy of the model-based
tracking technique to be within 60.4 to 60.6 mm and
60.5 to 60.9 for the glenohumeral [20], tibiofemoral
[23], and patellofemoral joints [24].
In vivo application
For the neck extension motion task (Fig. 1, left), the predominant rotation for all three motion segments was in
flexion-extension with a near-linear relationship between
neck extension angle and intervertebral flexion-extension
angle (R250.99, Fig. 3). However, lateral bending and axial
rotation also occurred during this motion task (Fig. 3). The
total rotational range of motion for each of the three motion
segments was significantly greater than zero for flexionextension, lateral bending, and axial rotation (p!.001,
Fig. 4). Flexion-extension range of motion ranged from

Fig. 3. Rotations of C5 relative to C6 are plotted versus neck extension
angle during a single neck extension motion task. There was a nearlinear relationship between neck extension angle and C5–C6 flexionextension angle (R250.99). For lateral bending (rotation about the
anterior-posterior axis), positive values indicate right lateral bending and
negative values indicate left lateral bending. For flexion-extension (rotation
about the ML-axis), positive values indicate flexion and negative values indicate extension. For axial rotation (rotation about the SI-axis), positive
values indicate left rotation and negative values indicate right rotation.

a minimum of 17.460.9 at the C6–C7 motion segment
to a maximum of 28.960.7 at C5–C6 (Fig. 4). Lateral
bending range of motion was much more consistent across
motion segments, ranging from a minimum of 3.260.6 at
C6–C7 to a maximum of 4.260.7 at C4–C5 (Fig. 4). Similarly, the range of motion for axial rotation varied from
a minimum of 2.560.6 at C6–C7 to a maximum of
3.360.3 at C4–C5 (Fig. 4).
For the neck extension motion task (Fig. 1, left), the
translational range of motion was significantly greater than
zero for each motion segment along each of the anatomical
directions (p!.01, Fig. 5). For the C4–C5 motion segment,

Table 2
Rotational accuracy characterized in terms of bias, precision, and overall
dynamic accuracy
Applied motion
Rotation
Bias
Lateral bending
Flexion-extension
Axial rotation
Precision
Lateral bending
Flexion-extension
Axial rotation
Dynamic accuracy
Lateral bending
Flexion-extension
Axial rotation

Flexion-extension
0.0160.18
0.4960.57
0.6360.72

Axial rotation
0.3260.24
0.8960.55
0.5160.44

0.10
0.24
0.26
0.1460.12
0.6160.44
0.8560.43

All data are expressed in degrees.

0.3560.20
0.9060.54
0.5560.40

Fig. 4. Maximum rotational range of motion for the three vertebral
motion segments (C4–C5, C5–C6, and C6–C7) during the neck
extension motion task. For each motion segment, the mean and standard
deviation across three trials are shown. Flexion-extension was the predominant rotation, but all rotational ranges of motion (ie, flexion-extension,
lateral bending, and axial rotation) were significantly greater than zero
(p!.01). All data are reported in degrees.
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AP translation (6.060.4 mm) was considerably greater than
either LR translation (1.960.6 mm) or SI translation
(1.660.2 mm, Fig. 5). This finding was consistent for
C5–C6, with AP translation (6.160.1 mm) appreciably
higher than either LR translation (1.560.2 mm) or SI translation (1.660.3 mm, Fig. 5). However, the translations at
the C6–C7 were much more consistent, varying from a minimum of 1.660.6 mm in LR translation to a maximum of
2.960.2 mm in AP translation (Fig. 5).
For the axial neck rotation motion task (Fig. 1, right),
there was a complex pattern of segmental rotations that involved lateral bending, flexion-extension, and axial rotation
(Fig. 6). Each of the three motion segments had rotations
whose total ranges of motion were significantly greater than
zero (p!.02, Fig. 7). For the C4–C5 motion segment, the
predominant rotation was in lateral bending with a total
range of motion of 10.762.3 , with smaller amounts of
flexion-extension (4.260.9 ) and axial rotation (5.261.0 ,
Fig. 7). The C5–C6 motion segment demonstrated similar
results, with total range of motion occurring primarily in
lateral bending (9.263.0 ) and less motion in flexionextension (3.461.5 ) and axial rotation (3.860.6 ,
Fig. 7). Rotations at C6–C7 were more consistent across
the three anatomical axes, with total range of motion varying from a minimum of 2.260.4 in axial rotation to a maximum of 4.061.5 in lateral bending (Fig. 7).
For the axial neck rotation motion task (Fig. 1, right), the
translational range of motion was also significantly greater
than zero for each of the three motion segments (p!.03,
Fig. 8). Translations were small during this motion task,
with total translational range of motion ranging from a minimum of 0.460.1 mm of SI translation for C5–C6 to a maximum of 1.360.5 mm of LR translation for C4–C5 (Fig. 8).

Fig. 5. Maximum translational range of motion for the three vertebral
motion segments (C4–C5, C5–C6, and C6–C7) during the neck
extension motion task. For each motion segment, the mean and standard
deviation across three trials are shown. Anterior-posterior translation was
the predominant translation for C4–C5 and C5–C6. All translational ranges
of motion (ie, anterior-posterior, left-right, and superior-inferior) were
significantly greater than zero for each motion segment (p!.01). All data
are reported in millimeters.

Fig. 6. Rotations of C5 relative to C6 are plotted versus neck axial rotation angle for a single axial neck rotation motion task. Coupled rotations
are evident about all three anatomical axes, with lateral bending being
the predominant rotation. For lateral bending (rotation about the
anterior-posterior axis), positive values indicate right lateral bending and
negative values indicate left lateral bending. For flexion-extension (rotation
about the ML-axis), positive values indicate flexion and negative values indicate extension. For axial rotation (rotation about the SI-axis), positive
values indicate left rotation and negative values indicate right rotation.

Discussion
The objectives of this study were to characterize the
translational and rotational accuracy of a model-based
tracking technique for measuring cervical spine motion
and to demonstrate its in vivo application. Using a wellvalidated and well-accepted dynamic RSA technique [17]
as a gold standard, this study demonstrated that the
model-based tracking technique is capable of measuring
cervical spine motion to within 60.6 mm in translation
and 60.6 in rotation. In addition, the study demonstrated
in vivo application of the measurement technique and

Fig. 7. Maximum rotational range of motion for the three vertebral motion segments (C4–C5, C5–C6, and C6–C7) during the axial neck rotation
motion task. For each motion segment, the mean and standard deviation
across three trials are shown. Lateral bending was the predominant rotation
for all three motion segments, but all rotational ranges of motion (ie,
flexion-extension, lateral bending, and axial rotation) were significantly
greater than zero (p!.05). All data are reported in degrees.
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Fig. 8. Maximum translational range of motion for the three vertebral motion segments (C4–C5, C5–C6, and C6–C7) during the axial neck rotation
motion task. For each motion segment, the mean and standard deviation
across three trials are shown. Translations were statistically greater than
zero along each axis for all motion segments (p!.05), although there
was no prominent trend in any direction. All data are reported in
millimeters.

reported the results from one subject that was in substantial
agreement with previous literature [6–8,25–31].
The in vivo results acquired during the neck extension
motion task in this study were in agreement with the previously reported data. For example, flexion-extension in the
lower cervical spine has been previously reported to range
from 16 to 23 at C4–C5, 15 to 28 at C5–C6, and 11 to
21 at C6–C7 [7,8,25–28,30]. In comparison, the data from
the present study reported ranges of motion of 26.2 60.6
at C4–C5, 28.9 60.7 at C5–C6, and 17.4 60.9 at C6–C7
(Fig. 4). For the axial neck rotation motion task, previous
research has reported axial rotation of the cervical spine
to range from 4 to 7 at C4–C5, 5 to 7 at C5–C6, and
2 to 6 at C6–C7 [6,29,31]. In comparison, the data from
this study reported ranges of motion of 5.2 61.0 for
C4–C5, 3.8 60.6 for C5–C6, and 4.0 61.5 for C6–C7
(Fig. 7).
Much of our understanding of in vivo cervical spine motion has been based on studies conducted using conventional radiographs [5–9,30,31]. These studies have
typically acquired radiographs with the neck positioned in
one of several static positions (eg, full flexion and full extension) and then manually calculated angles between the
adjacent vertebrae at each neck position. This approach
assumes that the maximum range of motion between the
cervical vertebrae will occur at the end ranges of neck
motion. However, the preliminary data presented here suggest that this may not always be true. Specifically, the data
for this subject indicate that maximum flexion of C5–C6
during the axial neck rotation motion task does not occur
at the neck position of maximum left rotation but rather
at approximately 10 –15 less than the neck position of
maximum left rotation (Fig. 6). Consequently, conventional
approaches that analyze cervical spine motion at end ranges
of neck motion may actually underestimate the true range
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of cervical spine motion. Therefore, measuring cervical
spine motion using biplane X-ray images that were acquired at a high sampling rate (60 images/second) is a particular strength of this approach and allows us to more
carefully discern complex motion patterns that may be
masked by static imaging techniques.
Another limitation of conventional radiographic studies
of cervical spine motion is that they typically provide only
2D measures of joint motion. Consequently, these studies
have been limited to studying motions that are believed
to be largely planar. For example, a large number of studies
have only investigated range of motion during neck flexionextension [5–9]. Although the rationale for investigating
this motion may be that flexion-extension of the cervical
spine is clinically relevant, it is also likely that flexionextension is investigated with such high frequency because
it is a motion that potentially minimizes the out-of-plane errors that are inherent to 2D measurement techniques
[32,33]. Consequently, these 2D imaging techniques are unable to accurately measure complex motion patterns, such
as the axial neck rotation motion task, that involve significant rotations around each of the anatomical axes (Fig. 6
and Fig. 7). In contrast, the biplane X-ray approach described here is capable of accurately measuring 3D joint
motion and is therefore well suited for studying a wide
range of clinically relevant neck motions.
More advanced techniques have been reported for measuring 3D motion of the spine under in vivo conditions.
However, the level of rigor with which the accuracy of
the measurement technique is determined seems to vary
significantly. For example, Mimura et al. [29] reported
a technique for measuring 3D motion of the cervical spine
during axial rotation of the neck. Their technique, which involved acquiring static biplane radiographic images at fixed
neck positions and then manually digitizing specific anatomical landmarks, was reported to be accurate to within
1.0 mm for translations and 1.5 for rotations [29]. However, the manner in which the accuracy of this technique
was determined was not reported in a full-length publication, and consequently, it is impossible to determine if the
condition of their accuracy assessment was a realistic simulation of in vivo conditions. Wang et al. [18] described
a dual fluoroscopy technique for measuring spine kinematics. Although the authors provided a thorough analysis of
translational accuracy (60.4 mm) by comparing measured
translations and velocities to those imposed by a material
testing machine, rotational accuracy of this technique was
not reported and is therefore unknown. For the present
study, we assessed both the translational and rotational accuracy of the technique by comparing the model-based
tracking technique with dynamic RSA and reporting the errors in terms of bias, precision, and overall dynamic accuracy. Anderst et al. [17] used dynamic RSA to measure
motion of the lumbar spine [17]. This approach, which involves tracking the 3D position of surgically implanted tantalum beads from biplane X-ray images, is reported to be
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accurate to within 60.18 mm in translation and 60.26 in
rotation. Using dynamic RSA as the gold standard comparison, the model-based tracking technique was determined to
be accurate to within 60.6 mm and 60.6 for measuring
cervical spine motion.
The strength of the experimental approach described here
is that it provides accurate noninvasive measures of in vivo
cervical spine motion during dynamic activities. The limitation of this approach is that radiation safety concerns restrict
the number of trials that can be acquired for a given subject.
In addition, the size of the biplane X-ray system’s 3D field of
view, which is defined by the region of overlap between the
crossing X-ray beams, limits the activities during which
cervical spine motion can be measured.
This study examined the accuracy of a model-based
tracking technique for measuring cervical spine motion
during neck extension and axial neck rotation motion activities. The in vitro validation indicated that this method is
accurate to within 60.6 mm in translation and 60.6 in
rotation. Using this technique, we presented preliminary
data on in vivo cervical spine motion that are in agreement
with previous studies. It is anticipated that this experimental approach will enhance our understanding of cervical
spine kinematics in normal asymptomatic subjects and will
help to characterize the effects of surgical procedures such
as spinal fusion or artificial disc replacement.
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