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Abstract—One main question in spinal kinematics is the deter-
mination of the spine’s apparent axial center of rotation. Previ-
ous research on this topic has yielded contradictory results. 
The objective of this study was to determine the apparent axial 
center of rotation for seven lumbar and six thoracic spinal seg-
ments by developing and validating a new method. A custom 
six-degree-of-freedom device, allowing full range of motion, 
was used with motion recording and analysis software. This 
system tracked a grid of markers on a specimen when rota-
tional torque was applied in both clockwise and counterclock-
wise directions at 3.53 Nm, 7.05 Nm, 10.58 Nm, and 14.10 Nm.
The area encompassing the apparent axial center of rotation 
was determined by identifying the five markers with the least 
amount of motion. The marker angular displacement was cal-
culated as the angle between a virtual line drawn between two 
points in the initial and final torque conditions. Rotation in 
both directions was averaged. The lumbar and thoracic spinal 
segments averaged an apparent axial center of rotation at the 
posterior border of the vertebral endplates and the anterior bor-
der of the spinal canal, with average clockwise to counter-
clockwise angular displacement ratios of 0.87 and 0.97, 
respectively.

Key words: axial, biomechanics, center of rotation, lumbar 
spine, new method, rehabilitation, rotational torque, spinal 
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INTRODUCTION

The human spine is an anatomically and functionally 
complex structure, responding daily to vigorous loading 

and rotational conditions. In order to appropriately treat 
pathological spinal injuries and deformities, researchers 
and clinicians must understand the complex motion of 
the spine, particularly the spinal center of rotation. Much 
research has been done regarding measurement of the 
center of rotation of the spine, but the results are often 
contradictory, placing the center of rotation anywhere 
from the center of the vertebral body to inside the spinal 
canal to the tip of the spinous processes [1–7].

Methods for determining the center of rotation of the 
spine vary and include in vitro and in vivo studies, radio-
graphic analysis, displacement jigs, and geometrical cor-
relation to determine the apparent axial center of rotation. 
One of the first groups to determine the center of rotation 
in in vivo subjects was Gregersen and Lucas in 1967 [8]. 
Basing their findings on in vivo experiments and Rock-
well et al.’s geometric work [9], they concluded that the 
spinal center of rotation can be determined geometrically 
as the intersection of two lines passing through the cen-
ters of the surface of the articular facets. Nash and Moe’s 
1969 study took the center of rotation as the line of the 
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posterior longitudinal ligament based on their own experi-
ments [10] and Roaf’s theories [11]. Several other 
authors later developed sophisticated testing apparatuses 
and techniques, often fixating portions of the spinal seg-
ment, which limits physiological motion. In 1984, Pan-
jabi et al. developed a jig that applied flexion and 
extension forces and located the thoracic (T) center of 
rotation as below the geometric center of the moving ver-
tebrae [12]. Kotani et al., in determining the effectiveness 
of retaining motion in current intervertebral disc replace-
ment models, used lateral plain films and superimposed 
flexion-extension images to determine the center of rota-
tion as the posterior third of the intervertebral disc [13]. 
Molnár et al. later used several methods, including geo-
metric correlation, volume change, and cadaveric spine 
testing, to support their hypothesis that placed the T center
of rotation in the anterior portion of the spinal canal [14].

The necessity of establishing an accurate center of 
rotation stems from an attempt to preserve physiological 
motion in pathological spinal conditions. The purpose of 
this study is to expand upon the current understanding of 
spine kinematics. Developing an in vitro device allowing 
six-degree-of-freedom (DOF) motion may help objec-
tively resolve contradictions in previous research regard-
ing the apparent axial center of rotation. Based on the 
radiographic analysis of Kotani et al. [13] and summation 
data from Molnár et al. [14], we hypothesize that the 
apparent axial center of rotation is located near the poste-
rior border of the vertebral endplates and the anterior
border of the spinal canal. According to Molnár et al., the 
farther the rotational axis is from the center of the spinal 
canal, the larger the shear forces on the spinal center of 
rotation [14]. Avoiding shear forces on the spinal cord is 
instrumental in preserving neurological function; there-
fore, the apparent center of axial rotation is likely some-
where near the cord running through the spinal canal. 
Therefore, the objective of this study is to use a custom 
six-DOF device, which allows for full, free range of 
motion, to determine the axial center of rotation of the 
lumbar (L) spinal segments. We focused on the L spine 
because this region is frequently associated with degenera-
tive disc diseases, such as anterolisthesis and interverte-
bral disc herniation [15].

METHODS

To determine the apparent axial center of rotation, we 
used a custom six-DOF device and a digital video analysis

system (Figure 1). The digital video analysis system 
included a Canon GL2 camcorder (Canon USA, Inc; Lake
Success, New York); WINanalyze software (Mikromak; 
Berlin, Germany) was used to track markers, placed on the
specimen to create a grid, during application of axial 
torque. WINanalyze captured the motion of the grid mark-
ers and exported the x- and y-coordinates of the markers, 
which allowed us to calculate the distance each marker 
moved. The software captured the motion of each marker 
every 0.05 seconds to track any irregularities in motion.

Four validation experiments were used to verify the 
WINanalyze software and the custom testing device.

Validation 1
The first validation experiment tested whether the 

WINanalyze software accurately determined the axial 

Figure 1.
Custom six-degree-of-freedom device with lumbar segment loaded 
into base. Fishing wire applies axial rotation onto segment while 
Instron machine moves upward. Canon GL2 digital video camcorder 
records movement of segment by tracking markers on plastic grid.
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center of rotation in a known model. The GL2 camcorder 
and WINanalyze motion software tracked the grid mark-
ers’ motion in a model with a known center of rotation. 
This was repeated five times with approximately 20° 
angular displacement.

Validation 2
The second validation experiment tested the effects 

of tilting on a model with a known center of rotation. A 
model was placed 180° and 160° away from the camera 
and then rotated three times in both clockwise and coun-
terclockwise directions. WINanalyze software identified 
the center of rotation as the area defined by the grid 
markers that moved the least during rotation.

Validation 3
The third validation experiment tested whether place-

ment of a model off-center inside the custom device 
influenced the determination of the known axial center of 
rotation. A model with a known center of rotation was 
created and potted in PVC (polyvinyl chloride) pipes. 
The upper bone had four holes drilled in it to change the 
known center of rotation. The model was placed inside 
the custom device so that the superior ring was attached 
to the model off-center, and a 7.05 Nm rotational torque 
was applied. Five rotations of the model were recorded 
and tracked with WINanalyze at the four different known 
centers of rotation. WINanalyze software identified the 
center of rotation as the area defined by the five grid 
markers that moved the least during rotation.

Validation 4
The fourth validation experiment examined the 

effects of translation. A cadaveric spine was tested in the 
custom six-DOF device without any translation with a 
120 Nm torque. The spine was then translated 1.36 mm 
horizontally to the right and to the left, with a 120 Nm 
rotational torque. In a third trial, the segment was trans-
lated 4.65 mm superolaterally, while the custom device 
applied a 120 Nm rotational torque. Each experimental 
condition was repeated three times in both clockwise and 
counterclockwise directions. WINanalyze software iden-
tified the average apparent axial center of rotation as the 
area defined by the five grid markers that moved the least 
during rotation.

Experiment
After validating the method, we tested five fresh 

human cadaveric spines. The segments were harvested 

via disarticulation at their respective facet joints. All 
musculature was removed carefully, leaving ligamentous 
structures intact, including the anterior and posterior lon-
gitudinal ligaments, intraspinous ligaments, and the liga-
mentum flavum. The supraspinous ligaments superior to 
the spinous process of the superior segment and inferior 
to the spinous process of inferior segment were cut, as 
the superior and inferior facet joints were dissected and 
disarticulated.

The inferior vertebral body was potted in a PVC pipe,
and the specimen was placed in the neutral position with 
the disc oriented horizontally, such that the plaster did not 
exceed the vertebral disc line. Each segment was rigidly 
fixed at its base, allowing for full range of motion of the 
superior segment. A plastic grid held in place with pins 
was placed on the superior vertebra to allow for marker 
placement. Regions of the spinal segment were defined 
based on marker rows. A PVC pipe ring was placed 
around the superior vertebra using fixation screws such 
that the vertebra could freely rotate and translate during 
force application. A metal ring was mounted onto the 
superior PVC pipe ring.

A 36.3 kg (80 lb) Dacron fishing wire, 3 meters in 
length, was wrapped around the metal ring and draped 
across four pulleys, with two pulleys directly horizontal 
to the metal ring and two superior pulleys attached to the 
Instron 4411 (Instron; Norwood, Massachusetts) 
machine. One set of pulleys rotated the specimen in the 
clockwise direction, while the other set rotated in the 
counterclockwise direction. Torques of 3.53, 7.05, 10.58, 
and 14.10 Nm in both the clockwise and counterclock-
wise directions were applied to the specimens in random 
order. The custom six-DOF testing device applied the 
continual, pure, axial rotation force around a superior 
metal ring of the vertebra, allowing for movement along 
the x-, y-, and z-axes, along with rotation around the x-, y-,
and z-axes, respectively.

Using WINanalyze software, we used markers to 
outline the vertebral body, spinal canal, facet joints, and 
the spinous process (Figure 2). Regions of the spinal seg-
ment were defined based on marker rows. Region 1 was 
defined as the posterior part of the vertebral body border-
ing the vertebral endplates, region 2 was defined as the 
anterior spinal canal, region 3 was defined as the middle 
spinal canal, region 4 was defined as the posterior spinal 
canal, and region 5 was defined as the area encompassing 
the facet joints and spinous process. The x- and y-coordi-
nates of each marker placed onto the specimen from the 
beginning to the end of each trial were found, and the 
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total distance that each marker moved was calculated. 
The five markers that moved the least distance were con-
nected to define the axial center of rotation. The five 
markers that moved the least in the clockwise direction 
and the five that moved the least in the counterclockwise 
direction were calculated and drawn, and the area that 
overlapped between the clockwise and counterclockwise 
rotation experiments was used to determine the axial cen-
ter of rotation. The marker angular displacement was cal-
culated as the angle between a virtual line drawn between 
two points at the initial and final torque conditions. From 
the angular displacement data, the stiffness of the L speci-
mens was also calculated. In total, seven L segments (three 
L4–L5, two L2–L3, and two L1–L2) and six T segments 
(T10–11, T8–9, T6–7, T4–5, T2–3, and cervical 7–T1) 
were tested.

RESULTS

Validation 1
Validation testing found that the grid marker placed 

on the known center of rotation moved an average of 
0.004 mm. The grid markers placed farther from the 

known center of rotation moved a greater distance. In 
order from least to greatest amount of distance from the 
known center of rotation, the grid markers moved 0.07, 
0.14, 0.21, 0.27, and 0.34 mm, respectively. A second set 
of grid markers placed in order from least to greatest dis-
tance from the known center of rotation moved 0.01, 
0.19, 0.29, 0.38, and 0.48 mm, respectively.

Validation 2
The grid marker placed on the known center of rota-

tion moved an average of 0.88 mm at 180° and 0.21 mm 
at 160° tilt. Additional grid marker points placed in order 
from least to greatest distance away from the known cen-
ter of rotation at 180° had a displacement of 3.35, 6.59, 
10.20, and 13.33 mm. Another set of marker points at 
180° placed in order from least to greatest distance from 
the known center of rotation had a displacement of 4.79, 
8.09, 12.43, and 15.54 mm. At a 160° tilt, the first set of 
marker points had a displacement of 2.76, 7.51, 10.11, 
and 13.80 mm, while the second set of grid makers dis-
placed 2.23, 5.54, 10.02, and 10.86 mm.

Validation 3
The five marker points positioned closest to the 

known center of rotation in the first trial had a displace-
ment of 2.22, 6.03, 7.23, 7.48, and 8.06 mm. Markers 
positioned farther away from the known center of rota-
tion had a displacement of 12.07, 12.27, 12.61, 12.76, 
18.32, 18.46, 19.21, and 19.32 mm. In the second trial, 
with a second known center of rotation, the five markers 
positioned closest to the known center of rotation had a 
displacement of 1.53, 1.88, 3.17, 3.57, and 5.65 mm. 
Markers positioned further away from the known center 
of rotation had a displacement of 7.07, 7.29, 8.15, 8.78, 
9.42, 10.36, and 13.65 mm. In the third trial, with a third 
known center of rotation, the five markers positioned 
closest to the known center of rotation had a displace-
ment of 0.80, 1.00, 1.67, 4.45, and 6.26 mm. Markers 
positioned farther away from the known center of rota-
tion had a displacement of 6.33, 6.73, 7.46, 9.56, 10.32, 
12.58, and 16.36 mm. In the fourth trial, with a fourth 
known center of rotation, the five markers positioned 
closest to the known center of rotation had a displace-
ment of 1.95, 2.69, 3.19, 4.82, and 5.56 mm. Markers 
positioned farther away from the known center of rota-
tion had a displacement of 5.74, 5.81, 8.56, 9.04, 9.26, 
10.04, 10.88, and 20.40 mm. In each trial, the five markers

Figure 2.
Marker points established for data collection in sample lumbar spinal 
segment. Each row of markers is defined by a region, with region 1 = 
posterior part of vertebral body bordering vertebral endplates, region 2 =
anterior spinal canal, region 3 = middle spinal canal, region 4 = posterior
spinal canal, and region 5 = area encompassing facet joints and 
spinous process.
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closest to the known center of rotation were able to 
define the known center of rotation.

Validation 4
The average apparent center of rotation was com-

pared in three different testing conditions: no translation, 
1.36 mm of horizontal translation to the right and to the 
left, and a 4.65 mm superolateral translation. In all three 
testing conditions, the apparent axial center of rotation 
was in region 1 (defined as the posterior part of the verte-
bral body bordering the vertebral endplates) and region 2 
(defined as the anterior spinal canal).

Experiment
In the seven L spinal segments, rotations at 3.53, 

7.05, 10.58, and 14.10 Nm were averaged in the clock-
wise and counterclockwise directions, with the five 
points that moved the least forming an area in regions 1 
and 2 corresponding to the posterior part of the vertebral 
body bordering the vertebral endplates and the anterior 
part of the spinal canal. One marker did not overlap in the 
clockwise and counterclockwise directions (Figure 3). 
The clockwise to counterclockwise average angular dis-
placement ratio of the L spinal segments was 0.87. The 
stiffness of the L segments was determined with an aver-
age stiffness of 2.18 Nm/°. In the six T segments, rota-
tions at 3.53, 7.05, 10.58, and 14.10 Nm were averaged 
in the clockwise and counterclockwise directions, with 
the five points that moved the least forming an area in 
regions 1 and 2 corresponding to the posterior part of the 
vertebral body bordering the vertebral endplates and the 
anterior part of the spinal canal. All markers overlapped 
in the clockwise and counterclockwise directions (Figure 4).
The clockwise to counterclockwise average angular dis-
placement ratio of the T spinal segments was 0.97.

DISCUSSION

Developing a new method to determine the apparent 
axial center of rotation of the L spine allowed for complex
motion to be broken down into individual components. 
The study began with developing a way to determine the 
apparent axial center of rotation, while maintaining as 
much natural spinal motion as possible via a custom six-
DOF device. After developing a spine jig where pulleys 
applied torque on the superior vertebrae, we performed 
validation experiments in order to ensure that the design 

Figure 3.
(a) Apparent axial center of rotation in clockwise (red) and 
counterclockwise (blue) directions in lumbar (L) segments. Five 
markers that moved least in clockwise direction and five that moved 
least in counterclockwise direction were calculated and drawn, and 
area that overlapped between clockwise and counterclockwise 
rotation experiments was used to determine axial center of rotation. 
(b) Overlapping area determined to be center of rotation shown in 
green. Across all L specimens (n = 7), average apparent axial center of 
rotation fell within regions 1 and 2.
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was not flawed in determining the apparent axial center 
of rotation. The first validation experiment revealed that 
the custom device and WINanalyze software accurately 
determined the axial center of rotation in a model with a 
known axial center of rotation. Moreover, this validation 
model demonstrated that as the markers were placed far-

ther from the known center of rotation, they moved a 
greater distance. The second validation experiment 
revealed that tilt did not influence the determination of 
the axial center of rotation. The tilt did, however, 
decrease the absolute values of the marker motion, indi-
cating that the apparent axial center of rotation was 
decreased as the model was angled toward the camera. 
Absolute values were different in the model when it was 
flat compared with when it was tilted, but the known cen-
ter of rotation remained the same. In the third validation 
experiment, placement of the model off-center in relation 
to the device placed the five markers that moved the least 
around the known center of rotation. In each of the four 
different known centers of rotation, the five markers that 
moved the least were able to define the known center of 
rotation. In the fourth validation experiment, translating 
the model while applying a rotational force had no effect 
on determining the apparent axial center of rotation. 
Therefore, validation testing verified that the custom 
device and WINanalyze software accurately determined 
the apparent axial center of rotation in a model with a 
known axial center of rotation. Tilting the segment, plac-
ing the segment off-center in relation to the device, and 
translating the segment had no effect on determining the 
apparent axial center of rotation.

The center of axial rotation of the spine in previous 
studies has shown conflicting results, placing the center 
anywhere from posterior to the spinous process to ante-
rior to the vertebral body to as far lateral as the tip of the 
transverse process. Methods for determining the center of 
rotation of the spine vary from radiographic analysis to 
cadaveric measurements to geometric calculations. The 
difficulty in accurately determining the spinal center of 
rotation is highlighted in studies by Gregersen and Lucas, 
Nash and Moe, Panjabi et al., Kotani et al., and Molnár et 
al. [8,10,12–14].

Gregersen and Lucas inserted pins during in vivo 
measurement of spinal motion in human subjects via a 
transducer [8]. Their experiments confirmed their geo-
metric assumption that the center of rotation of any T or 
L vertebrae can be determined by the intersection of two 
lines passing through the centers of the surfaces of the 
articular facets and drawn perpendicular to the plane of 
these articular surfaces. Nevertheless, authors have 
argued that in vivo experiments are flawed secondary to 
unknown loads being applied to the spine, which lead to 
difficulty in accurate measurements [16–18].

Nash and Moe used radiographic analysis to deter-
mine vertebral rotation in the T and L spine [10]. Using 

Figure 4.
(a) Apparent axial center of rotation in thoracic (T) segments (white). 
All five points overlapped in clockwise and counterclockwise direc-
tions. (b) Across all T specimens (n = 6), apparent axial center of rota-
tion fell within regions 1, 2, and 3 (green).
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rotation of the spinous process combined with pedicle 
shadow displacement, the authors developed a grading 
system (0–4) that attempted to demonstrate differences in 
the center of rotation at each vertebra. They concluded 
that the center of rotation was near the line of the poste-
rior longitudinal ligament. However, radiographic analy-
sis and a devised grading system of each vertebra cannot 
accurately determine the axial center of rotation in the 
spine. Panjabi et al. developed a spine jig to determine 
the T center of rotation through the application of flexion 
and extension forces [12]. They potted a third of the infe-
rior vertebrae and placed a displacement jig on the supe-
rior vertebrae, applying direct force onto the superior 
vertebra. Their experiment found significant variability 
in determination of the center of rotation, and although 
they used an experimental jig, they were not able to accu-
rately determine baseline values for normal spinal 
behavior. Kotani et al. attempted to determine the center 
of rotation with lateral plain films in flexion and exten-
sion by superimposing the images and comparing verte-
bral position [13]. After applying a moment of 8 Nm, 
they demonstrated that the center of rotation locations 
were highly variable.

Molnár et al.’s recent studies attempted to combine 
various methods of determining the center of rotation and 
apply them to the T spine [14]. Their experimental 
approach in the T spine included geometric correlation, 
volume change, and cadaveric spine testing. Despite vari-
ability in their studies, they summarized their results and 
concluded that the center of rotation was most likely near 
the anterior portion of the spinal canal. However, the 
cadaveric model in their study fixated both the upper and 
lower vertebrae in the test specimens, not allowing for 
full range of motion of the upper vertebrae.

The current study presents a new method of approxi-
mating the apparent center of rotation, allowing a full six 
DOF of movement in the upper vertebrae, using a video 
digitizing measurement technique. The findings reveal 
that the apparent axial center of rotation in the L spine for 
an individual spinal unit is located in regions 1 and 2, 
corresponding to the posterior border of the vertebral 
endplates and the anterior part of the spinal canal, with 
the L segments demonstrating an apparent axial center of 
rotation slightly anterior to the T segments. The area 
encompassing the axial center of rotation in the T seg-
ments is more posterior than the L spinal segments, with 
markers in both the counterclockwise and clockwise 
directions overlapping. The L segments demonstrated a 

marker difference in the counterclockwise and clockwise 
directions, but the overlapping area remained at the pos-
terior border of the vertebral endplates and the anterior 
part of the spinal canal. This can be attributed to the fact 
that the L segments did not have equal angular displace-
ment at the same forces. Under the influence of a stan-
dard force, the angular displacement varied in our 
experiment in opposing directions, with more displace-
ment for a given force occurring in the counterclockwise 
direction than in the clockwise direction in the L spinal 
segments. This may result from intrinsic differences 
within each specimen or from unilateral disc compres-
sion or osteophytes on the intervertebral disc. These dif-
ferences could potentially cause the axial center of 
rotation to deviate from the midline or shift slightly to the 
anterior or posterior, depending on where the osteophytic 
bone regions limit axial rotation.

One limitation of this study is the that center of rota-
tion for axial rotation was evaluated without accounting 
for compression and shear forces; however, our data from 
the L spinal segments do correlate with previous in vivo 
data placing the L center of rotation at the posterior por-
tion of the intervertebral disc [19–20]. Moreover, this 
study also verifies Molnár et al.’s hypothesis on the T center
of rotation [14]. The multiple experimental setups yielded
varied results on the position of the T rotational axis; yet 
their summary identified the most likely place of the rota-
tional axis as the posterior border of the vertebral end-
plates and the anterior part of the spinal canal. Our study 
verifies their hypothesis using our custom six-DOF 
device, which allowed for superior vertebral motion and 
rotation in all directions.

CONCLUSIONS

Returning to the basics of segmental motion will 
allow for an accurate determination of the center of rota-
tion. The determination of the center of axial rotation of 
the spine will affect the treatment of back injury, a lead-
ing cause of pain and disability for adults in this country, 
with more than $34 billion spent annually on health costs 
[21]. Freeman and Davenport believe that the best way to 
treat back pain surgically is to preserve physiological
motion in the segment, which would theoretically mini-
mize or prevent adjacent level degeneration [22]. With a 
better understanding of the biomechanics and the pros-
pect of an increasing percentage of elderly patients, the 
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future of treatment for back pain and instability, particu-
larly in the L segments, may need to be reexamined. 
Pathological or surgical interventions for the spine could 
also potentially be improved through a better understand-
ing of the center of rotation in the spine, through treat-
ments that attempt to preserve physiological motion. 
Additional studies are needed to determine the pure center
of rotation in the spine by combining the results of bilateral
bending, compression, and flexion-extension data. More-
over, the center of rotation of the entire intact spine could 
provide clues into the coupled motion that occurs during 
physiological movement.
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