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While abnormal loading is widely believed to cause cervical spine
disc diseases, in vivo cervical disc deformation during dynamic
neck motion has not been well delineated. This study investigated
the range of cervical disc deformation during an in vivo func-
tional flexion–extension of the neck. Ten asymptomatic human
subjects were tested using a combined dual fluoroscopic imaging
system (DFIS) and magnetic resonance imaging (MRI)-based
three-dimensional (3D) modeling technique. Overall disc defor-
mation was determined using the changes of the space geometry
between upper and lower endplates of each intervertebral seg-
ment (C3/4, C4/5, C5/6, and C6/7). Five points (anterior, center,
posterior, left, and right) of each disc were analyzed to examine
the disc deformation distributions. The data indicated that
between the functional maximum flexion and extension of the
neck, the anterior points of the discs experienced large changes of
distraction/compression deformation and shear deformation. The
higher level discs experienced higher ranges of disc deformation.
No significant difference was found in deformation ranges at pos-
terior points of all the discs. The data indicated that the range of
disc deformation is disc level dependent and the anterior region
experienced larger changes of deformation than the center and
posterior regions, except for the C6/7 disc. The data obtained
from this study could serve as baseline knowledge for the under-
standing of the cervical spine disc biomechanics and for investi-
gation of the biomechanical etiology of disc diseases. These data
could also provide insights for development of motion preserva-
tion surgeries for cervical spine.
[DOI: 10.1115/1.4036311]
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Introduction

Cervical spine disc diseases are common among adults and
reach a prevalence of nearly 95% by the age of 65 yr [1]. Neck
pain is the most frequently seen symptom in clinic [2,3] and is
commonly attributed to cervical disc diseases [4]. In severe condi-
tions, disc diseases can result in instability, neurologic deficit, spi-
nal stenosis, facet dysfunction, and less cervical lordosis [5–9].
These clinical symptoms can lead to loss of the neck motion and
cause disability to patients [7–9]. Despite various biological fac-
tors that have been related to disc diseases [10–13], abnormal spi-
nal motion and the consequent abnormal loading have been
widely assumed to be the etiology of spinal pathology [14,15].
Therefore, understanding of the spinal biomechanics is critically
important for investigation of the mechanisms of cervical spine
disc diseases and for development of treatment modalities to
restore neck function. However, a literature review indicated that
few studies have been reported on the biomechanics of the
cervical spine discs [16]. For example, sagittal plane magnetic
resonance (MR) or plane X-ray images have been used to investi-
gate disc space heights at nonweightbearing supine or weightbear-
ing standing positions [17–20]. Three-dimensional (3D) finite
element modeling methods have been used to study cervical disc
deformation under various simulated loading conditions [21–26].
Cervical interverterbral kinemeatics has also been investigated by
using in vitro human cadaveric models [27–30] and in vivo human
subjects [15,31–35].

While these studies have greatly improved our knowledge on cer-
vical spine biomechanics, few data have been reported on the
in vivo cervical disc deformation under physiological, dynamic
loading conditions [36,37]. Since the cervical spine experiences the
largest range of motion along the spine column, it is critically impor-
tant to understand the biomechanical roles of the discs during the
neck motion for investigation of clinically relevant issues of the cer-
vical spine. For instance, the mechanisms of commonly observed
higher rate of C5/6 degeneration than C6/7 in clinic are not well
investigated; the mechanisms of postoperative adjacent segment
degeneration following intervertebral fusion are still debated.
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Therefore, the objective of this study was to investigate the
physiological geometric deformation of human cervical spine
discs during functional neck motions. We have previously utilized
a combined dual fluoroscopic imaging system (DFIS) and MRI-
based 3D modeling technique to investigate human lumbar disc
deformation [38,39]. In this study, we investigated the range of
cervical spine disc deformation of asymptomatic human subjects
during dynamic, full range flexion–extension motion of the neck.
We hypothesized that the physiological cervical disc deformation
is segmental level dependent and the C5/6 disc experiences higher
deformation than the C6/7 disc.

Materials and Methods

Subject Recruitment. This study was approved by our Institu-
tional Review Board (IRB) and each patient signed an informed
consent prior to participation. Ten asymptomatic subjects with an
average of 40.3 6 10.9 yr old (six males and four females, average
body mass index 24.6 6 3.2 kg/m2) were recruited from one aca-
demic center. Each subject was first evaluated for the absence of
neck pain and other spinal disorders by an experienced spine sur-
geon. Using MR images of the subject, the presence of any ana-
tomic abnormalities, early disc degeneration was used as an
exclusion factor from further investigation. Cervical disc deforma-
tions at the C3/4, C4/5, C5/6, and C6/7 segments of each subject
were investigated (40 discs were studied totally).

MR-Based Three-Dimensional Model. The subject was
scanned in a supine, relaxed position using a 3 T MR scanner
(MAGNETOM Trio, Siemens, Erlangen, Germany) with a spine
coil and a proton density weighted sequence. The MR images

were used to construct 3D models of the vertebrae from C3 to C7
[40]. C1 and C2 were not modeled in this study because they
might be obscured by the skull and mandible in the experimental
setup. The contours of the vertebrae were digitized using the 3D
slicer modeling software (3D SLICER; MIT Artificial Intelligence
Lab and Brigham and Women’s Hospital, Boston, MA) [41]. The
disc was represented by the interspace between the adjacent cervi-
cal endplates (Fig. 1(a)).

Dual Fluoroscopic Imaging Procedure. The cervical spine of
the subject was imaged dynamically from a maximum flexion to
maximum extension of the neck using the DFIS. The DFIS con-
sists of two fluoroscopes (BV Pulsera

VR

, Phillips, Bothell, WA)
that were positioned with image intensifiers perpendicular to each
other. The two fluoroscopes captured cervical images simultane-
ously from two orthogonal directions while the subject sat on a
chair to keep the trunk stable and moved the neck within the field
of view of the two fluoroscopes. The subject was imaged as the
neck extended from a full flexion to full extension position and
flexed back to the original position. The positions of the C3–C7
segments were captured along the motion path by the fluoroscopes
at 30 frames per second. Each subject was exposed to a radiation
dosage of� 0.08 mSv.

Reproduction of In Vivo Cervical Kinematics. The pair of
fluoroscopic images captured during dynamic neck motion was
imported into the software (Rhinoceros

VR

, Robert McNeel &
Associates, Seattle, WA) and placed in calibrated virtual orthogo-
nal planes to construct a virtual dual fluoroscopic system. The 3D
MR-based models of the cervical vertebrae were introduced into
this virtual system and were independently translated and rotated
in six degrees-of-freedom (6DOF) until their contours matched
those captured on the two fluoroscopic images to reproduce the
in vivo vertebral positions (Fig. 2). The in vivo positions of the
cervical vertebrae at the maximum flexion and extension positions
were reproduced for investigation of the range of motion of each
intervertebral level and the range of disc deformation during the
maximum flexion–extension of the neck. A validation of this
technique in determination of intervertebral kinematics has been
performed by comparing our model matching data with those
obtained using roentgen stereophotogrammetric analysis (RSA)
technique (see the Appendix). The mean accuracy in vertebral
translation measured using the root-mean-square error (RMSE)

Fig. 1 The disc coordinate system and the locations on the
disc surface: A—anterior, C—center, P—posterior, L—left, and
R—right points

Fig. 2 The virtual DIFS for reproduction of the in vivo cervical vertebrae positions
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was 0.54 mm in the superoinferior and anteroposterior directions
of the intervertebral disc (see Table 3 in the Appendix).

Disc Deformation Calculation. The geometry of the interver-
tebral disc during the functional activity was calculated using
the relative positions of the upper and lower endplates of each
intervertebral segment (C3/4, C4/5, C5/6, and C6/7). Overall disc
deformation was determined using the changes of the interverte-
bral segment space geometry where the cervical spine position
obtained during MRI scanning was used as a nonweightbearing
reference for the calculation of disc deformation [38].

To examine the inhomogeneous deformation and simplify the
analysis, the continuum of disc regions illustrated in Fig. 3 was
broken down into five specific mesh vertices on the disc surface:
anterior, central, posterior, left, and right points of the disc
(Fig. 1(b)). Local disc height was defined using the MRI neck posi-
tion at each vertices of the superior endplate and was calculated
using the iterative closest point method [38]. Disc height vector
was defined as the vector between the superior and inferior end-
plates. The change of the disc height during neck motion was cal-
culated as the vectorial difference between the disc height vectors
at a dynamic disc position and at the MRI scanning position in the

disc coordinate system (Fig. 1(b)). The overall deformation of the
disc was calculated by normalizing the change of dynamic disc
height using the disc height measured at the MRI scanning position
for each local area [38]. The overall distraction/compression defor-
mation at each point was defined as the component of change of
disc height vector perpendicular to the distal endplate (z-axis); the
shear deformation was defined as the component of change of disc
height vector parallel to the plane of the distal endplate (x–y plane).
In this study, the changes of disc deformation between the maxi-
mum extension and flexion positions were defined as the differen-
ces between the overall deformations of the discs at the two neck
positions. Both the ranges of disc deformation between flexion to
extension and extension to flexion were calculated and averaged to
represent the ranges of disc deformation between the maximum
flexion and extension positions of the discs.

Data Analysis. The disc height and range of motion among
different levels were analyzed using an analysis of variance
(ANOVA) method. The changes of the magnitudes of distraction/
compression and shear deformations between the maximum
extension and flexion positions were analyzed. A repeated-
measure ANOVA was used to compare the disc deformations at
the four intervertebral levels and five locations inside the discs (20
times in total). A post hoc Newman–Keuls test was performed
when significant difference was detected. The level of significance
was set at 0.05 for all the tests.

Results

Disc Height and Range of Motion. The height of the cervical
discs at MRI scan position changed from 3.5 to 4.9 mm and varied
with levels and locations (Table 1). The anterior height decreased
from C6/7 to C3/4, whereas the opposite situation was observed at
the posterior points. No significant difference, however, was
detected among the different intervertebral discs (P> 0.05). The
C3/4 height increased progressively from anterior to posterior
(3.8–4.6 mm), but the C6/7 showed an opposite trend
(4.9–3.8 mm). The disc height at the center point is lower than
at the anterior and posterior points at C4/5 and C5/6. In general,
no statistically significant difference was found among the meas-
ures at these discrete locations. During the maximum flexion–
extension, C3/4, C4/5, and C5/6 had similar ranges of motion
with averages between 14 and 17 deg. The C6/7 had a range of
motion of 9.4 6 4.2 deg that was significantly lower than the
higher level segments (P< 0.05).

Changes of Disc Deformation Between the Maximum
Extension and Flexion Positions. Calculated overall disc defor-
mations of C3/4 of a typical subject are shown in Fig. 3. At maxi-
mum flexion, the anterior portion of the disc experienced
compression (blue) and the posterior part experienced tensile
deformation (red). The condition was reversed at the maximum
extension position of the neck. The shear deformation changed
directions with the neck positions. Since similar data were
observed among the center, left, and right points, only center point
data were presented together with the anterior and posterior points.

Between the full flexion and extension of the neck, the anterior
points of C3/4, C4/5, and C5/6 experienced similar changes of dis-
traction/compression deformation (70.3 6 34.1%, 61.9 6 28.8%,
and 75.9 6 32.2%, respectively, P> 0.05) (Table 2). The C6/7 expe-
rienced a range of distraction deformation of 39.1 6 37.4% that is
significantly lower than those of the higher level discs (P< 0.05).
At the center points of all the discs, the distraction/compression
deformation changes between the flexion and extension neck posi-
tions were similar (P> 0.05). Similarly, the ranges of distraction/
compression deformation of the posterior points of all the discs were
not significantly different (P> 0.05).

In general, the change of deformation at the center point of
each disc is significantly lower than those at the anterior points
(P< 0.05) except for C6/7 and posterior points (P< 0.05) except

Fig. 3 Distraction/compression (color) and shear (arrows)
deformation are normalized to disc height (expressed by per-
centage of the disc height) of the C3/4 disc in a typical subject
at the maximum flexion and extension neck positions. In the
color code, 50% indicates a distraction that is 50% of the disc
height and 250% indicates a compression that is 50% of the
disc height. The arrows indicate the shear deformation direc-
tion and their magnitudes are represented by the arrow length.
Scale bar (51 mm) represents a shear deformation of 40% of the
disc height. (Color figure can be viewed online)

Journal of Biomechanical Engineering JUNE 2017, Vol. 139 / 064501-3



for C5/6 and C6/7. No statistically significant difference was
observed at different points of the C6/7.

Between maximum flexion and extension of the neck, the
anterior points of C3/4, C4/5, and C5/6 experienced similar
changes of shear deformation (68.3 6 34.1%, 78.5 6 41.3%, and
48.3 6 20.9%, respectively, P> 0.05) (Table 2), which are signifi-
cantly higher than that of C6/7 (33.1 6 18.2%, P< 0.05). The
change of shear deformation at the center point of C4/5
(76.7 6 28.8%) was significantly higher than those of C3/4, C5/6,
and C6/7 (57.8 6 13.4%, 46.0 6 16.5%, and 30.9 6 14.7%, respec-
tively) (P< 0.05), and the change of C3/4 was found to be higher
than that of C6/7 (P< 0.05). At the posterior points, no significant
difference in changes of shear deformation was observed among
the discs. No significant difference in the changes of shear defor-
mation was observed between the different locations of each disc.

Discussion

This study investigated the ranges of in vivo cervical spine disc
deformation of asymptotic subjects between functional maximum
flexion and extension positions of the neck using a combined
DFIS and 3D MRI-based modeling technique. The data showed
that the cervical spine experienced large range of distraction/
compression and shear deformations between the two neck posi-
tions. The disc deformation varied with intervertebral levels in
both distraction/compression and shear deformations, especially
at the anterior points. The distraction/compression deformation
also varied from anterior to posterior points inside the same disc,
but less with the intravertebral locations for shear deformation.

Several studies have reported on the cervical spine disc heights
using sagittal plane MRI or X-ray images [17–19]. These studies
indicated that on average, the disc height varies between 3.2 and
5.2 mm. These data, in general, were consistent with our meas-
ures. Our data indicated that while there are variations in disc
heights within the disc and among different disc levels, the cervi-
cal spine discs are around 4.2 mm in heights when the neck is at a
nonweightbearing supine position.

Various in vitro and in vivo studies [31–35,42–44] have investi-
gated the cervical spine kinematics under various external loading
conditions, but few data have been reported on the physiological
cervical disc deformation during dynamic neck motion. Most of
the studies on disc biomechanics used finite element modeling

methods and few reported the data of disc deformation [21,45].
For example, del Palomar et al. simulated the cervical spine bio-
mechanics from C2 to C7 under a static compressive load of 50 N
and reported a maximum shear deformation of 30% [21]. Goel
and Clausen determined the distraction strain of the anterior longi-
tudinal ligament (ALL) that is located close to the anterior margin
of disc and reported a 10.1% peak strain when the cervical spine
was under a 73.6 N compression accompanied with a 1.8 N�m
extension torque [45]. Anderst et al. studied the in vivo cervical
disc deformation during dynamic neck motion using a combined
computed tomography-biplane X-ray system and reported a peak
deformation of 47.8 6 4.4% at the posterior-lateral region, fol-
lowed by a 24.6 6 2.7% at anterior region and a 6.9 6 0.9% at
central nucleus among all the disc levels [36]. Our data indicated
that on average, some locations inside the discs, especially at the
anterior region, could experience changes of distraction/compres-
sion and shear disc deformation over 70%. The differences
between our data and those in vitro data reported in literature
could be due to the differences between the in vivo physiological
cervical loading conditions and the loading conditions simulated
in in vitro experimental or numerical studies [21,23,24,27].
Anderst et al. used a standing neutral, weightbearing position as
the reference to calculate disc deformation while we used the non-
weightbearing, supine position as the reference. Therefore, it is
difficult to directly compare the data of different studies.

The data of this paper indicated that the cervical spine disc
experiences large deformation during physiological activities and
different discs responded to neck motion differently. While the
C3/4, C4/5, and C5/6 discs experienced a change of disc deforma-
tion above 60% at the anterior points between the full flexion and
extension positions of the neck, the anterior point of C6/7 experi-
enced a much lower change of disc deformation compared to the
above segments with almost similar disc deformation changes at
the posterior and anterior points. Therefore, any simulation of disc
function of the cervical spine, either at organic or at cellular level,
may need to consider the large range of physiological deformation
experienced by the discs. Simulation of disc deformation in
10–30% strain level using numerical techniques [21,45] corre-
sponds to a small range of neck motion that could underestimate
the in vivo disc function and provide insufficient data to the
development of clinical diagnosis and therapy as well as the
development of internal transplantations.

Table 1 Local heights (mm) at discrete locations of the discs measured at the supine MRI scanning position of the subjects and
range of motion of each vertebral level (deg) during full range of dynamic flexion–extension of the neck

Disc height

Disc
level Anterior Center Posterior Left Right

Range of motion during
flexion–extension

C3/4 3.8 6 1.0 4.1 6 0.8 4.6 6 1.0 4.1 6 1.4 4.2 6 0.8 14.6 6 5.4
C4/5 4.1 6 0.9 3.7 6 0.9 4.6 6 1.1 3.5 6 0.8 4.0 6 1.2 16.8 6 5.3
C5/6 4.3 6 0.9 4.1 6 0.6 4.2 6 0.7 4.0 6 0.9 3.6 6 0.9 15.2 6 6.1
C6/7 4.9 6 1.3 4.6 6 0.9 3.8 6 0.9 3.6 6 0.9 3.9 6 0.7 9.4 6 4.2a

aIndicates significant difference between C6/7 and above segments.

Table 2 The changes (%) of the disc deformation between the maximum flexion and extension positions of the neck

Tensile deformation Shear deformation

Anteriora,b,c Center Posterior Anteriora,b,c Centera,b,d,e Posterior

C3/4f,g,h 70.3 6 34.1 13.2 6 12.6 37.5 6 20.4 68.3 6 34.1 57.8 6 13.4 45.9 6 16.8
C4/5f,g 61.9 6 28.8 17.2 6 14.4 50.9 6 35.2 78.5 6 41.3 76.7 6 28.8 60.5 6 31.5
C5/6f,h 75.9 6 32.2 25.4 6 23.1 40.4 6 22.2 48.3 6 20.9 46.0 6 16.5 42.9 6 17.9
C6/7 39.1 6 37.4 21.5 6 19.8 34.4 6 25.5 33.1 6 18.2 30.9 6 14.7 34.6 6 14.5

Note: Significant differences between different intervertebral levels when P< 0.05: efor C3/4 versus C4/5, bfor C3/4 versus C6/7, dfor C4/5 versus C5/6, afor
C4/5 versus C6/7, and cC5/6 versus C6/7. Significant differences between different locations (anterior, center, and posterior points) of the disc when P< 0.05:
ffor anterior versus center, gfor center versus posterior, and hfor anterior versus posterior. No significant difference was detected in shear deformation.
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These observations could also have other interesting clinical
relevance. In literature, cervical disc diseases were mostly reported
at C5/6, followed by at C6/7 and then C4/5 [46,47]. Our data
revealed that there is a large difference between the C4/5, C5/6,
and C6/7 in distraction/compression and shear disc deformation
patterns. The distraction/compression deformations of the C4/5
and C5/6 are significantly higher at the anterior points than at the
central, but for C6/7, no significant difference was observed within
the disc. The ranges of disc deformations at the anterior points of
C4/5 and C5/6 are almost twice of that of C6/7. Although the shear
deformations of C4/5 and C5/6 at the anterior point were also sig-
nificantly different from that of C6/7, the C4/5, on average, had
shear deformation almost two times larger than both the C5/6 and
C6/7. This dramatic transition in disc biomechanics among these
discs might play a role in the clinically observed prevalence of disc
diseases at these three segments. A future study is warranted to
investigate the relationship between the biomechanical features of
the discs and their pathogenesis development.

In treatment of severe cervical disc diseases, disc fusion is the
most commonly used surgical procedures. However, postoperative
adjacent segment degeneration has often been reported [48]. With
disc deformation changes up to 70% at C5/6 and up to 40% at C6/
7 during functional neck activities, fusion of either discs might
alter the structural properties of the spine and cause changes in
biomechanical environment at the adjacent levels. It is therefore
important to quantitatively investigate the effect of fusion sur-
geries on the changes of biomechanics of adjacent segments and
to examine if there is a relationship between the biomechanical
changes of the cervical spine after surgical fusion and the adjacent
segment degeneration.

Motion preservation disc replacement has been increasingly
used in treatment of severe disc diseases [49,50]. However, this
surgery does not significantly reduce the postoperative complica-
tion rates when compared to fusion surgeries [50]. Numerous
studies have investigated the cervical spine kinematics after disc
replacement surgeries [27,51–53]. Using cadaveric studies with a
biomechanical hybrid testing protocol, Dmitriev et al. measured
the adjacent level intradiscal pressure following a total replace-
ment arthroplasty using a custom-designed spine simulator that
allows pure, unconstrained multidirectional load application [27].
The adjacent disc pressure was shown to increase by 5% and 21%
in the proximal and distal adjacent levels, respectively. Using a
3D finite element modeling technique, the adjacent disc motion
showed similar kinematics to the normal cervical spine model
[53]. Motion preservation devices could improve the segment
motion at index level under simulated loading conditions, but they
might not preserve the loading capacities or deformation charac-
ters of the adjacent discs. Recent perspective randomized control
trails comparing arthroplasty and arthrodesis have presented
safety as well as equal or better clinical outcomes [54]. Future
investigation of cervical arthroplasty and arthrodesis may need to
consider the level-dependent deformation characters of the cervi-
cal discs under physiological conditions.

There are several limitations to the current study. The analysis
of the disc deformation was limited to the subaxial cervical spine.
The C1/2 and C2/3 were not included due to the possible obstruc-
tion of their images by the mandibular and occipital bones in cer-
tain postures along the neck motion path. We found it is a
challenge to determine a neck position as the true, unique refer-
ence to calculate disc deformation. The MR supine position of the
neck was used as a reference position to calculate the disc height.
This may not represent the true reference position. Therefore, we
only investigated the changes of disc deformation between the full
flexion and extension positions of the neck. The overall geometric
deformation was calculated, and no deformation inside the disc
was presented. Future study should focus on investigation of
in vivo stress–strain distributions inside the discs using 3D finite
element modeling of the discs, which uses the overall geometric
deformation as boundary conditions. Finally, only ten asymptom-
atic subjects were investigated within the age distribution ranging

from 30 to 59 yr old. In the future, more subjects with a wide
range of age should be included to clarify the effects of age on
cervical disc biomechanics.

Conclusion

The overall intervertebral disc deformation of the subaxial cer-
vical spine was investigated during a maximum flexion–extension
of the neck. The changes of the disc deformation between the
maximum flexion and extension positions of the neck were seg-
ment level dependent and disc location dependent and could reach
over 70% in cervical spine discs. These data could provide bound-
ary conditions for other researchers who use finite element (FE)
models to investigate in vivo disc stress–strain responses to func-
tional activities. The overall disc deformation data could also be
instrumental for those using ex vivo experiment to study cellular
response of the disc tissue in response to physiological disc defor-
mation. Further, this study could provide insights into improve-
ment of fusion and disc replacement surgeries that are aimed to
prevent adjacent segment degenerations after the surgery.
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Appendix: Validation of the DFIS in Measurement

of Cervical Spine Motion

Experimental Setup

A validation study was performed to evaluate the accuracy of
the combined dual fluoroscopic imaging system (DFIS) and MRI
modeling technique for measurement of dynamic intervertebral
cervical spine motion.

One male fresh-frozen human cervical cadaveric spine speci-
men (age: 60 yr old; height: 182.9 cm; and weight: 46.7 kg) was
dissected and implanted with four 2 mm metal beads in each ver-
tebrae (Fig. 4). All the soft tissues surrounding the cadaver
remained intact. In view of the DFIS, the cadaveric spine was
manually moved throughout its range of motion during a series of
dynamic activities, including flexion–extension, lateral side-
bending, and twisting. The speed of the movements was

Fig. 4 Validation of the DFIS system in reproducing the in vivo
vertebral positions. The RSA method using metal beads was
used as the reference.
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performed under the beats of metronome, such that one full
motion cycle took approximately 3 s. The fluoroscopes captured
dynamic images of vertebrae at 30 frames per second with an
8 ms pulse-width.

Following fluoroscopy imaging, the cadaver model was MRI
scanned for the construction of 3D vertebral models. The verte-
brae models and fluoroscopy images were then used to recreate
intervertebral kinematics in 6DOF at various points throughout
the dynamic activities, as described in the “Materials and Meth-
ods” section. The results from the model-based combed
MRI–DFIS technique were compared to those obtained using
RSA, which is considered the gold standard in bone tracking. The
accuracy of the DFIS technique was quantified in terms of root-
mean-square error (RMSE).

Results

Table 3 displays the RMSE in determining intervertebral kine-
matics at the C3/4, C4/5, C5/6, and C6/7 levels for each activity.
On average, the model matching technique was able to reproduce
6DOF dynamic intervertebral kinematics with an accuracy of
0.6 mm and 1.3 deg.
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