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Abstract
Objective—The lumbar facet joint capsule (FJC) is innervated with mechanically sensitive
neurons and is thought to contribute to proprioception and pain. Biomechanical investigations of
the FJC have commonly used human cadaveric spines, while combined biomechanical and
neurophysiological studies have typically used non-human animal models. The purpose of this
study was develop mathematical relationships describing vertebral kinematics and facet joint
capsule strain in cat and human lumbar spine specimens during physiological spinal motions in
order to facilitate future efforts at understanding the mechanosensory role of the FJC.

Methods—Cat lumbar spine specimens were tested during extension, flexion and lateral bending.
Joint kinematics and FJC principal strain were measured optically. FJC strain-intervertebral angle
(IVA) regression relationships were established for the three most caudal lumbar joints using cat
(current study) and human (prior study) data. FJC strain-IVA relationships were utilized to
estimate cat and human spine kinematics that corresponded to published sensory neuron response
thresholds for low threshold mechanoreceptors (5% and 10%).

Results—Significant linear relationships between IVA and strain were observed for both human
and cat during motions that produced tension in the FJCs (p<0.01). During motions that produced
tension in the FJCs, the models predicted that FJC strain magnitudes corresponding to published
sensory neuron response thresholds would be produced by IVA magnitudes within the
physiological range of lumbar motion.

Conclusions—Data from the current study support the proprioceptive role of lumbar spine FJC
and low threshold mechanoreceptive afferents, and can be utilized in interpreting combined
neurophysiological and biomechanical studies of cat lumbar spines.
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Introduction
Lumbar facet joints serve mechanical and mechanosensory functions in the spine. The
capsule of the facet joint (FJC) contributes to the joint’s stability by helping to constrain its
motion.1–2 The FJC is also innervated with low and high threshold mechanically-sensitive
neurons.3–5 These mechanical and sensory characteristics suggest that the FJC may be
functionally involved in pain and proprioception.3, 6 As such, the lumbar FJC is a target for
impulse loads delivered during high velocity, low amplitude spinal manipulation (HVLA-
SM).7

The cat is a commonly used animal model for neuromechanical studies. Substantial
neurophysiological background data exist for this species. Its lumbar spine is sufficiently
large to obtain biomechanical measurements from paraspinal tissues while simultaneously
measuring neural activity in either the lumbar dorsal roots or spinal cord arising from
paraspinal mechanoreceptors.8–9 Neurophysiological studies conducted in the cat,9–10 as
well as biomechanical studies in the human spine,11 have explored the neuromechanical
basis for the observed clinical benefits of HVLA-SM. Lumbar intervertebral motion and FJC
strain have been measured in both human and cat lumbar spines during HVLA-SM.11–12 A
relationship between the two species has been described, which can be used to help
extrapolate to humans results obtained from neuromechanical studies performed in cats.
While such a framework has been developed to evaluate the FJC’s role during application of
an HVLA-SM,12 similar comparisons between cat and human spines have not been made for
evaluating functions of the lumbar facet joint capsule (e.g., proprioception) during
physiological spinal motion.

The purpose of the current study was to develop mathematical relationships describing
vertebral kinematics and facet joint capsule strain in cat and human lumbar spine specimens
during physiological spinal motions in order to facilitate future efforts at understanding the
mechanosensory role of the FJC. The current study describes kinematic testing of cat spine
specimens and compares these data to those obtained from human spine specimens in a prior
study.1 We hypothesized that there would be a linear relationship between FJC strain and
intervertebral motion in cat and human spine specimens. A regression relationship was
developed and validated using statistical tests, and its applicability was demonstrated using
previously published response thresholds for mechanoreceptors.13–14

Methods
Specimen preparation

Laboratory bred, skeletally mature cats (male, n = 6; mass = 4.1 ± 0.1 kg) were obtained and
the lumbar spines (L2 - sacrum; cats have 7 lumbar vertebrae) procured using methods that
were in accordance with the Stony Brook University Institutional Animal Care and Use
Committee and the Panel on Euthanasia of the American Veterinary Medical Association.
L2-sacrum specimens were chosen because the human spine data with which the regression
relationships would be developed had been obtained in prior studies using multi-segment
specimens (T12-sacrum).1 This approach of using multi-segmented spine specimens has also
been used in studies investigating FJC strain in caudal joints.12, 15–17 Specimens were
dissected under low magnification (10x) to remove all superficial skin, fascia, and muscle,
resulting in “osteoligamentous” spine specimens. Care was taken to remove all tissue from
the FJC surface such that the capsular ligament was not damaged. Specimens were potted at
the sacrum using a polyester resin (Bondo™) such that the vertebral endplates were
horizontal with the testing surface.
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To enable FJC strain and vertebral kinematic measurements, the specimens were prepared as
follows. Black markers were affixed to the surfaces of the L5–6, L6–7 and L7-S1 facet joint
capsules. In addition, a small amount of silicon carbide particles was dusted on the surface
of each FJC to create a stochastic pattern when illuminated with a fiber optic light. Three
infrared reflective markers were attached in a non-collinear fashion to each transverse
process at L5, L6 and L7.

Experimental setup
The experimental setup consisted of a mechanical testing apparatus, a camera system
consisting of two CMOS cameras to measure FJC strain in three dimensions (MotionPro
500, Redlake, San Diego, CA), and a commercial kinematic system for tracking vertebral
kinematics (Qualysis MotionPro cameras and Track Manager System; Innovision Systems,
Inc., MI; see Fig. 1). The two camera systems were calibrated before placing the cat spine
specimen in the testing apparatus.

Cat lumbar spine specimens (L1 – S1) were attached to a testing plate at the potted sacrum
(Fig. 1 top). The most cephalic vertebra (L2) was coupled to a linear actuator (Model 317,
Galil, Inc., CA) placed in-series with a force transducer (Model LCF300; Futek, CA, Range
±110 N) to general flexion, extension or lateral bending. A U-shaped coupling was attached
to the actuator and to the specimen so that when the actuator displaced the spine, a moment
was not induced at the point of application (Fig. 1). The height of the actuator was adjusted
such that the actuator was horizontal at peak displacement. Low-friction structural supports
(not shown) were added to guide the actuator and minimize off-axis loading of the L2
vertebra during actuation. Applied moment was calculated from applied force and position
of each intervertebral joint by static equilibrium as subsequently described under Data
Analysis. No buckling of the spine or soft tissues was observed. As performed previously in
prior studies from our laboratory,1, 15, 18 as well as by others,19 an offset load was applied to
the cephalic-most vertebra of a lumbar spine specimen using displacement control, which
has been shown to generate facet motion similar to that estimated in vivo in a quadruped
animal.19

Mechanical testing protocol
Mechanical testing consisted of 10 triangular displacement cycles at 10 mm/s to peaks of 10,
20, 30, 40, and 50 mm. These displacement magnitudes were selected because they resulted
in maximum moments below the cat spine’s torque-limits (approximately 1–2 Nm at L7-
S1).15 The commercial kinematic system was utilized to track the displacements of the
markers attached to the L5, L6 and L7 transverse processes. To enable FJC strain
measurements for a given specimen and trial, the CMOS cameras were focused on a single
FJC (e.g., L5–6) on the right side of the spine. Mechanical testing for the five displacement
magnitudes during flexion, extension, and left and right lateral bending ensued. Then,
cameras were repositioned and focused on the next FJC (L6–7), the camera systems re-
calibrated, and mechanical testing repeated. This was repeated for the third FJC (L7-S1).
FJC images were acquired at 25 Hz.

Data analysis
Intervertebral angle (IVA) was calculated from the three-dimensional displacements of the
markers on the transverse processes. For each trial, IVA was computed using the method of
Soderkvist and Wedin,20 where IVA at L5–6 and L6–7 was calculated for the cephalic
vertebra relative to the respective caudal vertebra comprising that joint. At L7-S1, it was
assumed that the sacrum was fixed. To enable comparisons of IVA in the cat spine with
previous measurements in the human spine,1 rotations in the direction of primary loading
(hereafter referred to as major-axis rotations) are reported.
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Plane strain of the FJC was computed using the images from the two CMOS cameras, which
enabled accounting for out-of-plane motions of the FJC during spine actuation. Images were
analyzed using a custom program (Matlab). Briefly, the black markers affixed to the outer
boundary of the FJC surface defined a plane comprising the FJC surface. Strain within the
plane defined by the markers was measured using the silicone carbide particles as follows.
For the first image (image i) of the FJC taken by each CMOS camera, this two-dimensional
plane was divided into a 3×3 array of subregions. Using computer-aided speckle
interferometry,21 the two-dimensional displacements of these subregions were determined
for the subsequent image (image i+1) in each camera’s view. Principles of
photogrammetry22 were applied to calculate the three-dimensional displacements of each
subregion of the FJC. This process was repeated for each of the subsequent images
comprising a given trial (i+1 and i+2, etc). The 3D subregion displacements were
subsequently used to compute plane strain (εxx, εyy, εxy) and principal strain (E1 and E2) as
previously described.1 Thusly, FJC strain was measured while minimizing the number of
markers required to define the region of interest. As has been done in prior studies of
cervical 23 and lumbar 1, 11, 24 FJC strain, principal strains for each subregion were
organized and reported as maximum (tensile) and minimum (compressive) principal strain
(Ê1 and Ê2, respectively). Subregion Ê1 and Ê2 at peak displacement were averaged to get a
representative value for the FJC.

Peak strain (Ê1 and Ê2 ), IVA, and load (force or moment) for a given trial were computed
as the mean peak value for the last five cycles comprising that trial, where load had reached
equilibrium. L5–6, L6–7, and L7-S1 joint moments were computed as the product of the
applied peak load and the moment arm (i.e., distance between the point of force application
and the center of the FJC for that joint).

Statistics
Multiple analysis of covariance (MANCOVA) was performed using a generalized linear
model 25 to determine whether each parameter (developed joint moment, IVA about a given
axis, Ê1 and Ê2 ) was significantly associated with: global displacement magnitude (i.e.,
peak displacement of the actuator), type of motion (extension/flexion or lateral bending), or
joint level (L5–6, L6–7, or L7-S1). IVA-global displacement relationships were evaluated
using stepwise polynomial regression.

Regression relationships describing FJC strain for both species were developed using data
from the current (cat) and prior (human) 1 studies. Separate regression analyses were
conducted for each motion (extension, flexion, left lateral bending and right lateral bending)
and joint level (caudal, middle, cephalic). The response variables (Ê1 and Ê2) were evaluated
to determine whether they were significantly correlated with IVA. Comparison of linear
regression lines was conducted to assess whether the slope coefficient for the cat regression
was significantly different from that of the human spines. Because FJC strain was referenced
from the neutral posture and was considered zero at this position, the regression
relationships did not include an intercept term. The regression relationships developed in the
current study were used to estimate the cat IVA magnitudes that corresponded to 5% and
10% strain (i.e., potential low-threshold, Group II mechanoreceptor response thresholds).
SigmaStat (Version 3.01, Systat, Inc.) and JMP (Version 6.0.0) and were used for statistical
tests. Significance levels for MANCOVA and stepwise regression were α = 0.05 and 0.10,
respectively.
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Results
Joint moment

There were significant associations between the joint moments that developed and the
experimental factors examined: global displacement, joint level, and type of motion, as well
as for their interactions (MANCOVA; p < 0.001). Joint moment – global spine displacement
relationships were nonlinear (Fig. 2). At all three joints, the relationship was best fit with
third-order polynomials, except for L6–7 (middle) during extension/flexion which was
second order. Relationships were statistically significant (incremental polynomial
regression; p < 0.022) and highly correlated (R2 > 0.73). Moments developed during lateral
bending were significantly greater than those developed during extension-flexion at L5–6
(cephalic) and L6–7 (p<0.05).

Intervertebral angle
There were significant associations between IVA and global displacement, as well as for
interactions between global displacement-joint level, global displacement-motion type, and
global displacement-joint level-motion type (Fig. 3). IVA-global displacement relationships
were typically 1st order (linear; incremental polynomial regression; p < 0.001) except at L5–
6 during extension-flexion and lateral bending (2nd order, p<0.05) and L6–7 during
extension-flexion (2nd order; p < 0.05). Relationships between major-axis IVA and global
displacement were well correlated (R2 range: 0.74–0.97).

Significant (p<0.001) third-order moment-IVA relationships were also observed, which had
moderate to good correlation (R2 range: 0.58–0.93; Fig. 4). The joint moments that
developed during lateral bending were greater for a given IVA compared to extension-
flexion. The range of motion (indicated by the range of IVA magnitudes for each segmental
level) during extension-flexion was greater compared to lateral bending.

FJC strain
Ê2-IVA and Ê1-IVA linear regression relationships for the cat (current study) and the human
(previous study 1) are shown in Figs. 5 and 6, respectively. For the cat FJC, there were
significant associations between Ê2 (compressive) strain and the experimental factors
examined: joint level, motion type, and global displacement magnitude; significant
interactions were also observed (Fig. 5; MANCOVA; p < 0.01). At L7-S1, Ê2 was
significantly greater during extension-flexion compared to lateral bending (Tukey test,
p<0.05). A similar trend was observed at the other joints, although the difference was not
significant.

Slope coefficients for the Ê2 linear regression models are presented for cat (AC) and human
(AH) spines, as well as the ratio for AC/AH, (see Table 1). The relationship between Ê2 and
IVA was significant (p < 0.05) for both cat and human lumbar spines, with a few exceptions,
which overall supported the study hypothesis. Regression relationships tended to be
insignificant in the few specimens where the minimum principal strain was positive in sign
(i.e., tensile), for example at the caudal joint during flexion or left lateral bending (see Fig.
5, panels in bottom row). Correlation coefficients varied with species, joint level and motion
type, and tended to improve at the more caudal joints compared to the cephalic joint for a
given motion type and species (Table 1). The slopes of the regression relationship for cat
versus human spines were not significantly different except at the middle joint during lateral
bending and caudal joint during flexion-extension. At the middle joint, cat FJC Ê2 absolute
magnitudes increased more substantially with increasing IVA compared to human FJC Ê2
magnitudes during lateral bending (p < 0.05). At the caudal joint, human FJC Ê2 magnitudes
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increased more substantially with increasing IVA compared to cat FJC Ê2 magnitudes (p <
0.05) during extension-flexion.

There were significant associations between cat FJC Ê1 (tensile) strain and the experimental
factors examined (Fig. 6): joint level and displacement magnitude; significant interactions
were also observed (MANCOVA; p < 0.001). The effect of motion type on cat FJC Ê1
approached significance (p = 0.06). Cat FJC Ê1 was significantly greater at L6–7 compared
to L5–6 (Tukey test, p<0.05).

The slope coefficients for Ê1 versus IVA linear regression models of cat (AC) and human
(AH) spines, as well as the ratio for AC/AH, are presented in Table 2. Again, the majority of
regression relationships indicated a significant correlation between Ê1 and IVA (p < 0.05),
supporting the study hypothesis. There were also several joint levels and motion types where
the AC versus AH was significantly different. For example at the caudal joint, human FJC Ê1
increased more substantially with increasing IVA compared to cat FJC Ê1 (p < 0.05). For
other combinations of joint level and motion type, cat FJC Ê1 increased more substantially
with increasing IVA compared to human FJC Ê1, although this was not always significant.
The correlation coefficients varied with joint level, type of motion and species, and tended
to be higher in magnitude at the more caudal joints and during motions that produced
tension in the FJC (i.e., flexion and left lateral bending).

The regression relationships were utilized to estimate the magnitude of joint motion (i.e.
IVA) that would be required to achieve 5% and 10% strain (i.e., strain magnitudes above
anticipated low-threshold, Group II mechanoreceptor response thresholds;13–14 see Table 3).
In both cat and human lumbar spines, at least 5% strain could be achieved within the range
of motion for joint motions that produced tension in the FJC (i.e., flexion and lateral bending
in a direction contralateral to the side of the FJC).

Discussion
This is the first study to describe in situ cat lumbar spine biomechanics and FJC strains and
compare them with human spines during physiological spinal motions. Cat spine vertebral
kinematics and facet joint capsule (FJC) strain magnitudes were measured during extension-
flexion and lateral bending. Joint moment and intervertebral angle (IVA) were correlated
with global spine displacement. Joint moment-IVA relationships were nonlinear, similar to
human cadaveric spines measured in a prior study.1 FJC strain-IVA relationships were
established for cat lumbar spine specimens and were also established for human cadaveric
spines using measurements obtained from the previous study.1 These relationships were
used to associate FJC strain magnitudes in the cat with those in human spine specimens.
Significant linear relationships between FJC strain and IVA were established using linear
regression in both species. To identify spinal motions that result in similar FJC strain
magnitudes in the two species (Ê1,c = Ê1,h), the relationship between their respective IVAs
can be expressed as IVAc/IVAh = Ah/Ac, where A is the slope coefficient and subscripts
denote human and cat. The regression relationships determined in the current study can be
used to extrapolate neurophysiological data from an animal model using the cat lumbar
spine to the human in order to estimate how human FJC neurons might respond to
biomechanically similar motions.

The in-situ cat lumbar spinal motions described here were larger in magnitude than those
previously reported by the only analogous in vivo cat study to date.26 From extension to
flexion, sagittal range of motion in the L6-sacral region was smaller (~2° at L6–7; ~7.5° at
L7-S1) compared to the current study (~14° at L6–7; ~28° at L7-S1), though similar at L5–6
(~7° versus ~6°, respectively). From neutral posture to maximum lateral flexion, IVA
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magnitudes at L5–6 through L7-S1 were also smaller in magnitude but only slightly (< 5°)
compared to those measured in the current study (~6° at L5–6 and L6–7; ~8° at L7-S1).
Differences between these studies could have occurred because only the lumbar spine (from
L2 to sacrum) was loaded in the current study, while the entire, intact vertebral column was
used in Macpherson and Ye’s in vivo study. 26 In the current study during extension-flexion,
coupled motions of the motion segments of interest were not restricted and did indeed occur.
In contrast, Macpherson and Ye manually flexed the spine and made efforts to keep the
spine within the focal plane the X-ray device used to measure IVA which likely reduced out-
of-plane coupled motions. As a result, a smaller portion of the cat spine’s total range of
motion during flexion might have been tested in the prior study. This conclusion is
supported by the fact that in the current study during lateral bending, the low-friction
structural supports used to minimize off-axis loading of L2 during actuation became
noticeably engaged. With this apparent reduction in coupled motions, IVA magnitudes we
measured during lateral bending were similar to those measured by Macpherson and Ye in
vivo. 26

Although the data demonstrated variability, our hypothesis that FJC strain would be linearly
related to joint motion was largely supported. Relating FJC strain magnitudes to IVA during
extension-flexion and lateral bending often resulted in significant linear regression
relationships for both cat and human spines, though the correlations were only weak to
moderate. This may be due to our cadaveric human data having been obtained from a prior
study where the range of motion tested was small compared to the total range of motion for
the human spine.1 In the current study, associations between cat FJC strain and IVA were
improved when larger IVA and FJC strain magnitudes developed. It is possible that within
the neutral zone the FJC strain-IVA relationship demonstrates a degree of non-linearity, and
that better associations could have been obtained for the human spine’s active zone had a
larger portion of its range of motion been tested. A 10 Nm torque limit was used in the prior
study from which the human strain data were taken.1 This conservative limit was based on
estimates under torque control [15 Nm from 27]. However, it was recently reported 15 that 15
Nm may be too conservative when testing is performed under displacement control. Torque
limit in human lumbar spines during displacement-control is closer to 17.5 Nm.15 Had a
higher torque-limit been chosen in the prior human study where the strain data for the
current study were obtained, motions may have resulted in larger FJC strain and IVA
magnitudes and improved correlation.

Our selection and use of a testing methodology, where an offset load was applied to the
superior-most vertebra of a complete lumbar spine specimen tested under displacement
control without an axial compressive load, was supported by comparing data between the
current study and prior studies. In a study evaluating dog lumbar spine specimens, an offset
load was applied to the most superior vertebra under displacement and moment control, both
with and without a compressive axial load.19 Using this experimental model, facet motion
under both displacement and load control were comparable to the in vivo condition, and
application of an axial load did not significantly affect facet motion.19 Human FJC strain-
IVA relationships from the current study were also compared to those obtained by Panjabi et
al. in a single human L4–5 functional spinal unit tested under moment control.2 From Figure
5 of Panjabi et al.,2 we calculated the slope of the FJC strain-IVA relationship to be 0.014
%/degree on the right side and 0.0085%/degree on the left side (average: 0.011%/degree),
which compares favorably to that reported for L4–5 in the current study (0.017%/degree).
Combined, these comparisons with prior studies support our use of a displacement-
controlled model.

Prior non-human animal models have been used to evaluate the role of the FJC in spine
proprioception utilizing different indicators of joint motion. In a recent study using a goat in
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vivo model, cervical FJC maximum principal strain magnitudes were measured in response
to the application of a controlled vertebral displacement.28 Applying linear regression
analysis to the data points from the nine defined regions of the C5–6 FJC shown in Fig. 4B
from Lu et al.,28 cervical FJC maximum principal strain magnitudes were significantly
correlated to joint distraction (p<0.001, R2 = 0.84), a finding which supports the use of joint
motion as a predictor of strain magnitude in the current study. Correlations between relative
vertebral translations in goat cervical FJCs and strain magnitude were higher compared to
correlations between IVA and strain magnitude in the current study. Relative translations
were not examined in the current study because there were no data in the prior human study
for comparison.

Data from the current study support the concept that the FJC can function proprioceptively
during physiological motions of the lumbar spine. The regression relationships developed in
the current study were used to estimate cat and human IVA magnitudes that would
correspond to 5% and 10% strain. These strain magnitudes represent those likely to be above
the threshold needed to stimulate low-threshold, Group II mechanoreceptors.13–14 The
estimated IVA magnitudes that produced these strain magnitudes were within the range of
motion for both cat and human spines during motions unrestricted by the articulating facets
and that tensioned the FJC ligament (i.e., extension in the bilateral FJCs or right lateral
bending in the right sided FJCs, see Table 3).

The potential proprioceptive role for the FJC highlights the importance of understanding
how spinal motion affects the FJC at all spinal levels. Segmental hypomobility for example,
a hallmark sign of spinal levels treated by chiropractors and osteopaths 29–30 presumably
affects the FJC at distant segments as well. As seen in this study and numerous others,31

regional lumbar motion is enabled by smaller motions of the individual lumbar vertebra.
Should an individual segment become hypomobile, motion of the remaining segments must
increase to accomplish the same regional motion. In experimental models where
hypomobility is created using metal plates affixed to vertebral bodies, the greatest increase
occurs in segments immediately above and below the hypomobile joint.16, 32 Further, it has
been shown that the resulting altered kinematics caused by segmental hypomobility resulted
in altered patterns of FJC strains at the affected and adjacent joint levels.16 We speculate
that an altered strain pattern in turn adversely affects patterns of proprioceptive signaling
wherein neural input from the FJC becomes incongruent with the regional motion.

During motions that are restricted by the articulating facets and that primarily compressed
the FJC (i.e., extension in the bilateral FJCs or right lateral bending in the right sided FJCs),
threshold strains (likely arising from shear) would be achieved at IVA magnitudes that were
outside the range of motion for both cat and human spines. These data support the
hypothesis that the FJC could function proprioceptively during spinal motions that induce
tension on the FJC. Other ligamentous spinal structures such as the ligamentum flavum
(which encloses the medial portion of the facet joint) are loaded in tension during ipsilateral
lateral bending and extension, and it has been suggested that Group II and III proprioceptive
afferents innervate the ligamentum flavum.5

Limitations
There are a number of constraints that should be considered when interpreting the results of
the current study. First, data were collected using cadaveric spine specimens in the absence
of surrounding tissue which might affect the relationship between FJC strain and kinematic
measures. Either in vitro or in vivo, the passive properties of surrounding musculature could
restrict spinal motions and result in smaller strain magnitudes. On the other hand, in the
unanesthetized cat or human, contraction of multifidi muscles (which insert on capsule
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surfaces) could result in larger FJC strains. Second, extrapolation of FJC afferent response
from cat to humans is reliant upon the assumption that cat and human FJC neurons have
similar strain thresholds. Measurement of responses from FJC neurons in humans is
currently not feasible. However, appropriately designed testing, for example by specifically
anesthetizing the facet joint capsule,33 may help identify the specific role of human FJC
afferents in spine proprioception. Third, similar to the prior study in human spines, the
experimental model used in the current study was run under displacement control and
without axial compression which could affect the relationship between IVA and capsule
strain. Despite the fact that cats are quadrupedal and humans bipedal, biomechanical
analyses of quadrupeds (i.e., free body diagrams and trabecular alignment) demonstrate that,
like bipeds, their spines are also loaded axially in the neutral posture.34 The lumbar lordosis
in human spines is not present in cats, which could also result in different biomechanics
between species. While the regression relationships established in the current study likely
accounted for this, the influence of the lordosis in the human spine on FJC strain magnitude
is unknown. Cat spines were matched for sex, age, and weight while human spines in the
prior study represented an aged population from an uncontrolled set of donors. This may
account for the increased variability in human strain data compared to cats. The regression
relationship for humans also may not hold for younger spines, as observations in our
laboratory (unpublished) indicate that human lumbar spines from younger donors are more
flexible than those from an older population. Any of these factors could influence the
generalized applicability of the regression relationships developed in the current study.

Conclusion
In conclusion, regression relationships between FJC strain and intervertebral angle during
spinal motions were established for the lumbar spine in cat and human. Utility of the
relationships was shown by estimating intervertebral angles in the cat and human that
corresponded to FJC strains above the magnitude needed to activate low-threshold, Group II
mechanoreceptor. These IVAs were within the range of motion for intersegmental motions
that would be restricted by strain of the FJC. These data provide support for the role of the
FJC and low threshold mechanoreceptive afferents in lumbar spine proprioception. Data
obtained from the current study may be used to interpret future neuromechanical studies
conducted in cat specimens that are designed to elucidate the FJC’s role in lumbar spine
proprioception, disease states (e.g., segmental hypomobility), and spinal manipulative
therapy.
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Figure 1.
Schematic of the experimental setup for measuring cat lumbar facet joint capsule strain
magnitudes during extension, flexion and lateral bending. Coordinate axes are shown, with
positive x-, y- and z-axes oriented in the posterior, cephalic and left directions, respectively.
L5 through L7 vertebral kinematics were measured by optically tracking, with two CCD
cameras, the 3D displacements of markers attached to the transverse processes. Facet joint
capsule strain measurements were taken by imaging the capsule of interest using two CMOS
cameras.

Ianuzzi et al. Page 12

J Manipulative Physiol Ther. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Joint moment at the cat cephalic (L5–6), middle (L6–7) and caudal (L7-S1) joints versus
global spine displacement during spinal motions of extension-flexion (left graph) and lateral
bending (right graph). Error bars show standard deviations. Note difference in y-axis
scaling.
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Figure 3.
Cat intervertebral angle (IVA) at the cephalic (L5–6), middle (L6–7) and caudal (L7-S1)
joints during spinal motions of extension-flexion and lateral bending.
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Figure 4.
Cat spine joint moment - intervertebral angle (IVA) polynomial (Poly.) relationships at the
cephalic (L5–6), middle (L6–7) and caudal (L7-S1) joints during spinal motions of
extension- flexion and lateral bending. Note the difference in axis scale.
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Figure 5.
Cat and human minimum principal strain magnitudes (Ê2 ) as a function of intervertebral
angle (IVA) during extension-flexion and lateral bending. Linear regression relationships are
shown for the cephalic (human L3–4, cat L5–6), middle (human L4–5, cat L6–7) and caudal
(human L5-S1, cat L7-S1) joints.
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Figure 6.
Cat and human maximum principal strain magnitudes (Ê1) as a function of intervertebral
angle (IVA) during extension-flexion and lateral bending. Linear regression relationships are
shown for the cephalic (human L3–4, cat L5–6), middle (human L4–5, cat L6–7) and caudal
(human L5-S1, cat L7-S1) joints.
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