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Abstract BACKGROUND CONTEXT: The lumbar facet joint capsule is innervated with nociceptors and
mechanoreceptors, and is thought to play a role in low back pain as well as to function proprioceptively.
PURPOSE: In order to examine the facet capsule’s potential proprioceptive role, relationships
between intracapsular strain and relative spine position were examined.
STUDY DESIGN/SETTING: Lumbar facet joint capsule strains were measured in human cadaveric
specimens during displacement-controlled motions.
METHODS: Ligamentous lumbar spine specimens (n�7) were potted and actuated without inducing
a moment at the point of application. Spines were tested during physiological motions of extension,
flexion, left and right lateral bending. Intervertebral angulations (IVA) were measured using biaxial
inclinometers mounted on adjacent vertebrae. Joint moments were determined from the applied
load at T12 and the respective moment arms. Capsule plane strains were measured by optically
tracking the displacements of infrared reflective markers glued to capsule surfaces. Statistical
differences (p�.05) in moment, IVA and strain were assessed across facet joint levels using analysis
of variance and comparison of linear regressions.
RESULTS: The developed moments and IVAs increased monotonically with increasing displace-
ments; the relationships were highly correlated for all four motion types. Although highly vari-
able among specimens, principal strains also increased monotonically in magnitude with increasing
displacements during extension and flexion, but were more complex during lateral bending. At a
given joint level, the absolute magnitudes of principal strains and IVA were largest during the same
motion type.
CONCLUSIONS: Distinct patterns in principal strains and IVA were identified during physiological
motions, lending biomechanical support to the theory that lumbar facet joint capsules could function
proprioceptively. � 2004 Elsevier Inc. All rights reserved.
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Introduction

The lumbar facet joint capsule can be a source of low
back pain and may also serve proprioceptive functions.
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Whereas the former is relatively well established [1–3], the
proprioceptive role of the facet capsule is largely theoretical
[4]. The facet capsule is innervated by low threshold mecha-
noreceptors [1,5,6], similar to other peripheral joints [7,8].
The presence of low threshold, slowly and rapidly adapting
mechanosensitive neurons imply that these afferents could
provide information regarding joint movement and/or posi-
tion [9]. In the knee [8], the neural response of capsule
mechanoreceptors during motions is proportional to supra-
threshold capsule tension. Hence, for facet capsule afferents
to function proprioceptively during physiological motions of
the spine, the capsules would have to be loaded such that their
intracapsular strains would be proportional, in some fashion,
to the spine’s position.
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Afferents innervating the facet joint capsule and the sur-
rounding tissue in the cat [10] and rabbit [11] are responsive
to direct capsule loading (ie, strains). Measuring in vivo
facet capsule strains in humans with current technology is
impractical and unethical, because of the invasive nature of
the procedures. However, in situ strains can be measured
using human cadaveric spines. During motions of flexion,
extension, lateral bending or rotation, using cadaveric, intact,
human lumbar spine specimens, consistent patterns of stretch
were not found in the extension ratios of lumbar facet joint
capsules [12]. In isolated human cervical spine motion seg-
ments (eg, C3–C4 motion segment) after flexion and exten-
sion, intracapsular principal plane strains were complex,
without a clear pattern [13]. In isolated human lumbar motion
segments (eg, L4–L5), increasing flexion moment produced
increasing uniaxial strain of capsule ligaments [14], but these
data were not from direct measurements of the capsule itself.
Thus, the biomechanical data in the literature do not yet
provide substantive support for the theory of facet capsules
functioning proprioceptively.

The current study examined a component of this proprio-
ceptive theory by determining whether strains of lumbar
facet joint capsules, during physiological motions of flexion,
extension and lateral bending, were proportional to spine
motion. A displacement-controlled apparatus was con-
structed that could repeatedly and reliably create the desired
motions. A commercial kinematic system was used to
obtain optical measurements of three-dimensional (3D) dis-
placements of small markers glued to the capsule surfaces.
Intracapsular plane strains were calculated from these
displacements, accounting for the movement of the cap-
sule plane by using an extension of the method of Hoffman
and Grigg [15]. Preliminary data have been previously re-
ported in abstract and thesis form [16,17].

Methods

Spine specimens

Human lumbar spine specimens (n�7; mean age, 50
years�12.96 SD; range, 38 to 64 years; sex: 6 men, 1
woman) were shipped frozen from National Disease Re-
search Interchange (Philadelphia, PA). Specimens (T12 to
sacrum) were unembalmed and procured within 24 hours
postmortem from donors without history of spine pathology.
Before testing, the spines were dissected free of all superfi-
cial tissue (including insertions of multifidi muscles) to
expose the facet joint capsules, thus resulting in a “ligamen-
tous” specimen. Specimens were kept moist with periodic
misting of phosphate buffered saline (PBS, pH 7.4) and
wrapped in PBS-soaked gauze. A specimen was first ori-
ented vertically by visual inspection such that the L3 and
L4 endplates were parallel to the testing surface; and then
the sacrum was potted in a quick-setting epoxy (Bondo,
Bondo Corporation, Atlanta, GA). After dissection, or at the
completion of partial testing, spines were wrapped in plastic,
double-bagged, and frozen (�80C). Specimens were al-
lowed to undergo no more than five freeze-thaw cycles,
because further cycles may have compromised the tissue’s
biomechanical properties [18].

Loading apparatus

Physiological motions of the specimens were tested using
a custom, displacement-controlled loading apparatus (Fig.
1). The linear actuator consisted of a sled moving on a
precision screw, which was fitted with an antibacklash nut
and coupled to a torque motor (Model 317; Galil, Inc.,
Rocklin, CA) and optical encoder (MX21-559; Duncan
Electronics, Tustin, CA). Actuator movement was controlled
by a digital, programmable, proportional, integrative and de-
rivative (PID) controller (Model 1704; DMC, Galil, Inc.,
CA; resolution 0.8 µm, repeatability better than 5.0 µm). A
program (LabVIEW, version 6.0; National Instruments, Inc.,
Austin, TX) was written for implementation of a variety of
dynamic loading protocols [17].

The entire apparatus sat on a flat steel slab (78 cm×76
cm×2.5 cm). A potted specimen was locked into the slab
and coupled to the actuator such that the actuator was hori-
zontal at a given peak displacement. The coupling consisted
of a rod in series with a force transducer (Model 9363-D1-
50-20P1; Revere Transducers, Tustin, CA; range, �220 N,
resolution 0.02 N), which was connected to the actuator by
means of a low-friction universal joint. To connect the rod
to the specimen, a U-shaped collar was attached to the T12
vertebral body, creating a single degree of freedom and
eliminating off-axis loading of the force transducer. Interver-
tebral angulation (IVA) at a given joint segment was mea-
sured using two biaxial inclinometers (Model UI113077;
CFX Technologies, West Chester, PA; range�90 degrees,
resolution 0.2 degrees) attached to the respective anterior
vertebral bodies. All analog signals (displacement, load,
four angles) were collected at 1,000 Hz by an A/D converter
(Model PCI-MIO16-E1; National Instruments, Inc., TX) to
synchronize collection, low-pass filtered (Model 3905B

Fig. 1. The schematic of the experimental setup. (a) Two charge coupled
device (CCD) cameras were used for optically tracking the markers glued to
the facet joint capsule surface for subsequent strain calculations. (b) A
human cadaveric lumbar spine specimen was fixed to the testing surface,
with coordinate axes as shown. (c) A force transducer was used to
measure the applied load. The loading apparatus consisted of (d) a displace-
ment controlled linear actuator with (e) an optical position encoder for
the determination of actuator position. (f ) Biaxial inclinometers were
attached to the facet joint capsule’s respective anterior vertebral bodies for
measurement of intervertebral angle.
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MultichannelFilter;Krohn-Hite Corporation,Brockton,MA)
using a cutoff frequency of 700 Hz and streamed to disk.

Plane strain calculations

Plane strains of a facet joint capsule were measured by
optically tracking infrared markers (1.16 mm radius) fixed
to the capsule surface. Markers were typically arranged in
a 3×3 array, although occasionally for narrow capsules a
3×2 array was used. After calibration of the space volume,
markers were imaged at 50 Hz using a commercially
available kinematic system (Model 50; Qualisys, Inc., Glas-
tonbury, CT), which consisted of two charge coupled device
(CCD) cameras fitted with infrared light emitters and filters,
appropriate lens, two video processors and software. The
3D coordinates of the resultant centroids were determined
post hoc from the two-dimensional (2D) coordinates pro-
vided by each of the two video processors (resolution 10
µm in the x, y and z directions).

Capsular plane strains, relative to the vertical neutral
position of the spine specimen, were calculated using an
algorithm that was an extension of a 2D isoparametric finite
element method (FEM) [15]. This algorithm accounted for
the rotation of the plane (see Appendix 1), which typically
occurred during the physiological spine motions. Each of
the nine markers on a given capsule defined a node, from
which four quadrilateral regions (or elements) were defined.
Plane strains (εxx, εyy and εxy) were calculated for each node,
and the strains for an element were calculated as the means
of its respective four nodes.

Principal strains E1 and E2 (defined as the principal
strains the directions of which were closest to the x-axis and
y-axis, respectively) were calculated for each element using
the mean element plane strains. Preliminary experiments
indicated that for most of the capsular elements, the magni-
tudes of the principal strains (E1 and E2) typically had
opposite signs (ie, one was positive, or tensile, and the other
negative, or compressive, for a given motion). Thus, as has
been done by others for cervical spine facet capsule
strains [13], E1 and E2 were similarly organized as either
“maximum” (positive) or “minimum” (negative) principal
strains (hereafter denoted as Ê1 and Ê2, respectively) regard-
less of their respective absolute magnitudes.

Testing protocol

Each specimen was subjected to four motions: flexion,
extension, left bending and right bending. For a given
motion and facet joint, a trial consisted of 10 consecutive
cycles to a given displacement of the spine specimen (10,
20, 30 and 40 mm of horizontal displacement of the T12
vertebra) at 10 mm/second. Because this study was designed
to examine physiological motions, displacements were con-
strained to those producing joint moments at L5–S1 (loca-
tion of the largest moment arm) less than 10 Nm, a threshold
beyond which can produce load–displacement relationships
suggestive of damage to soft tissues of the spine [18]. Speci-
mens were tested by imaging one of the L5–S1 joint capsules
during all motions, then the contralateral joint and repeating
for the next cephalad joint. The intertrial recovery time was
3 minutes to allow sufficient time for the specimen to return
to its normal physiological state, as estimated from previous
studies on isolated cat knee joint capsule [8,19].

Data analysis and statistics

IVA was calculated as the difference between the angles
measured at the vertebral bodies adjacent to the joint capsule
of interest and was reported as the mean of 10 cycles at
maximum displacements. Joint moments were calculated
from the mean peak loads of the last 5 of the 10 cycles
(when the load relaxation had reached equilibrium, Fig. 2)
and moment arms (ie, distance from the applied load at
T12 to the center of each facet joint). Principal strains at
maximum displacements were reported as the means of the
respective element strains of the 10 cycles in each trial.

For a given parameter (moment, IVA, principal strain) and
motion type (flexion, extension, left and right bending), one-
way analysis of variance (ANOVA) and post hoc Tukey tests
were used to determine if the parameter differed significantly
at a given joint level among the four displacement trials
(SPSS SigmaStat [Chicago, IL], version 2.03; IL; α�0.05).
Similarly, the data collected for a given displacement were
compared across joint levels. For each motion type, the
relationship between a parameter and displacement was
regressed. These relationships were compared among joint
levels using a pairwise comparison of two linear regression
lines (CLRL, α�0.05) [20]. At each joint level, the IVA–
moment relationship was compared pairwise using compari-
son of polynomial regression lines (CPRL, α�0.05) [21].

Results

Of the seven lumbar spine specimens tested, one exhibited
a 9-degree scoliosis, whereas the other six had scolioses less

Fig. 2. Data for a representative trial, consisting of 10 cycles of flexion
to 40 mm linear displacement (at T12). Load was measured at the point
of application (at T12). The intervertebral angle (IVA) at L3–L4 was the
difference between the rotations about the x-axis (Fig. 1) for L3 and L4.
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than 5 degrees (as indicated by the X-rays of the speci-
mens, obtained before dissection). No gross pathologies were
evident by visual inspection or on plain film X-rays. Capsules
were visually inspected at low-power magnification (×6)
and were found to be intact, exhibiting characteristic gross
normal appearance, including white color and a predomi-
nantly medial to lateral orientation of collagen fibrils [22].

Moment–displacement relationship

For the maximum displacements of the spine specimens
(40 mm linear at T12), the joint moments were below the
10-Nm threshold (Fig. 3), and the largest average moment
occurred during 40 mm of left bending (�5.33 Nm). For all
motions, joint moment magnitudes significantly (ANOVA,
p�.001) increased with increasing displacements, with the
exception of L3–L4 during extension (Fig. 3). In trials
where the difference in displacement was 20 mm or greater
(eg, 10 mm vs 30 mm), a significantly greater moment was
typically measured at the larger displacement (ANOVA,
p�.05). The joint moments measured at a given motion and
magnitude of displacement (with the exception of 40 mm
right bending and left bending), were significantly larger in
the more caudal facet joints (L4–L5 and L5–S1) than the
cephalic joints (L1–L2 and L2–L3; ANOVA, p�.05).

The mean moment–displacement relationships for each
joint were highly correlated (mean, R2�0.964; range, 0.919
to 0.990). In all motion types, these relationships differed
significantly among all joint levels; moments at a given joint
level were significantly larger (ie, more positive in flexion,
right bending, and more negative in extension, left bending)
than those measured in the respective more cephalic joints
(CLRL, p�.05).

Intervertebral angulation

During flexion and extension, the x-axis was the dominant
axis of rotation for each of the vertebrae (Fig. 4, left), with
the largest mean IVA measured at the L5–S1 joint for all
displacements (greatest overall was 5.18 degrees, 40 mm of
extension). In general, more positive angles were obtained
with increasing displacements in extension, and more nega-
tive angles were measured with increasing displacements
in flexion.

During extension, IVAs at a given joint level were sig-
nificantly (ANOVA, p�.02) different from one another, al-
though the trends varied at a given joint level (Fig. 4, left).
At L1–L2, significantly different IVA were observed if the
trials were separated by 30 mm displacement (ie, 40 mm
vs 10 mm, p�.01). More caudal joints showed significant
differences at smaller displacements, where significant trials
were separated by 20 mm or greater displacement for both
L4–L5 (p�.03) and L2–L3 (p�.02), and 10 mm or greater
displacement for L5–S1 (p�.03); in all cases the angle mea-
sured at the larger displacement was greater. At a given
displacement, the IVAs measured at L5–S1 were signifi-
cantly larger than those measured at other joint levels
(p�.05).

During flexion at a given joint level (Fig. 4, left), the
IVA became larger for increasing displacements (ANOVA,
p�.05); these differences were consistently significant for
the caudal three motion units (L3–L4, L4–L5 and L5–S1;
Tukey, p�.005). For a given displacement, significant differ-
ences were observed among IVAs across joint levels
(ANOVA, p�.001); the angles measured at the more caudal
joints (L4–L5 and L5–S1) were generally larger than those
obtained at more cephalic joints (L1–L2, L2–L3 and L3–
L4; Tukey, p�.02).

During left and right bending, the z-axis was the dominant
axis of rotation (Fig. 4, right), with the largest angles ob-
tained at the L3–L4 joint level for all displacements (largest
mean IVA was 6.58 degrees, 40 mm left lateral bending).
In general, angles became larger with increasing displace-
ment (ie, more positive during left bending, more nega-
tive during right bending).

During left bending at a given joint level (Fig. 4, right), the
IVAs were significantly different across displacement
Fig. 3. Joint moments increased monotonically at a given joint level with increasing global displacements of the specimen during (left) extension and
flexion, and (right) left and right lateral bending. At a given joint level, the mean moments were significantly larger (comparison of regression lines, p�.05)
than those at the respective more cephalic joints. Error bars are standard deviations.
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Fig. 4. Intervertebral angles (IVA) at a given joint level increased monotonically with increasing global displacements of the spine specimens. (Left) During
extension and flexion, the IVA–displacement relationships at the more caudal vertebrae (L4–L5 and L5–S1) were significantly different compared with the
more cephalic vertebrae (L1–L2, L2–L3 and L3–L4, comparison of regression lines, p�.05). (Right) During lateral bending, the IVA–displacement relationship
at L3–L4 was significantly different compared with all other joints (comparison of regression lines, p�.05); at a given specimen displacement, larger IVAs
occurred at L3–L4. Error bars show standard deviations.
(ANOVA, p�.005). IVA significantly increased at larger
displacements at joint levels L2–L3, L3–L4 and L4–L5
(Tukey, p�.05). L1–L2 and L5–S1 exhibited similar trends,
although these differences were not always significant. At a
given displacement, significant differences were observed
among the angles measured at each joint level (ANOVA,
p�.04); the IVA obtained at L3–L4 for any given displace-
ment was typically larger than those measured at L1–L2
and/or L5–S1 (Tukey, p�.05).

During right bending at a given joint level (Fig. 4,
right), significant differences were observed among IVAs
measured at different displacements (ANOVA, p�.001).
Larger angles were measured at greater displacements if the
difference between the displacements compared was greater
than or equal to 20 mm (Tukey, p�.05). At a given displace-
ment, there were significant differences among the IVAs
measured across joint levels (ANOVA, p�.05), although
there were no consistent trends or consistency in terms of
which joint levels were different (Tukey, p�.05).

For each of the four motions, mean IVA–displacement
relationships were highly correlated (mean, R2�0.984; range,
0.927 to 1.0). The more caudal joints (L4–L5 and L5–S1)
typically had significantly larger IVA than the more cephalic
joints (L1–L2, L2–L3 and L3–L4) in both extension and
flexion (CLRL, p�.05). In general, IVA measured during
lateral bending at L3–L4 was significantly larger (CLRL,
p�.05) than those measured at all other joint levels (with
the exception of L4–L5 in right bending; CLRL p�.05).
For each joint level, the mean IVA–moment relationship for
extension–flexion was typically best fit using a regression
of third-order polynomials (mean, R2�0.9856; range, 0.975
to 0.999), and L1–L2 was the only joint level where this
relationship was significantly different from the other motion
units (CPRL, p�.05; Fig. 5, left). The mean IVA–moment
relationships during lateral bending were typically best fit
with second-order polynomials (mean, R2�0.978; range,
0.945 to 0.991), although this relationship did not differ
significantly among joint levels (CPRL, p�.05; Fig. 5, right).

Plane strains

For conciseness, only the two principal strains are re-
ported; compared with εxx, εyy and εxy, they were typically
largest in magnitude and, among the seven specimens, exhib-
ited smaller variability. Data obtained from the right and
left sides of the spines are reported separately, as they
were significantly different (ANOVA, p�.05). Designating
the principal strains as Ê1 and Ê2 was highly consistent with
classification of the strains according to their directions (ie,
E1 as closest to the x-axis and E2 as closest to the y-axis).
During extension (where Ê2 was typically larger in absolute
magnitude, although negative in sign), a larger percentage of
Ê2 had their directions aligned closest to the y-axis (ie, were
E2 82% on the left side of the spine, 75% on the right side of
the spine). During flexion (where Ê1 was typically larger in
absolute magnitude than Ê2), Ê1 was predominantly oriented
closest to the y-axis (ie, were E2 83% on the left side of
the spine and 77% on the right side of the spine). During
left bending, 63% of Ê1 on the left side of the spine were
oriented closest to the x-axis (ie, were E1) and 70% of
Ê1 on the right side of the spine were oriented closest to
the y-axis (ie, were E2). The opposite pattern was observed
in trials of right bending, with E2 comprising 75% of Ê1 on
the left side of the spine and E1 comprising 68% of Ê1 on the
right side of the spine.

Intratrial strain data were highly repeatable in a pseudo-
random selection of 40-mm trials encompassing all four
motion types (n�18, average standard deviation of the peak
strains and strain rates for 10 cycles were, respectively,
0.53% strain and 0.28% strain/second�1.2 SD with 95%
confidence intervals of 5%). Regardless, with the relatively
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Fig. 5. Average intervertebral angle (IVA)–moment relationships were nonlinear. Although the moment is placed on the abscissa, for these experiments,
displacement was the controlled parameter. (Left) Extension–flexion IVA–moment relationship. The largest extension moment (�4.8 Nm) occurred at L5–
S1, which also exhibited the largest IVA (4.7 degrees). The largest flexion moment (2.8 Nm) also occurred at L5–S1, although the largest IVA (�4.4 degrees)
occurred at L4–L5. (Right) Lateral bending IVA–moment relationship. All joints exhibited relative mirror symmetry during left bending (negative moments) and
right bending (positive moments). IVA increased more substantially with increasing moments during lateral bending, especially in the more cephalic joints
(L1–L2, L2–L3 and L3–L4). Error bars are not displayed here for clarity; refer to Figs. 3 (moment) and 4 (IVA) for x and y error bars, respectively.
large variability of regional capsule strains and the rela-
tively small number of samples, ANOVA of the strain data
fell short of the desired 80% power (Ê1 mean power
19.5%�23.7% SD, mode 5%; Ê2 mean power 25.3%�26.3%,
mode 5%). The estimated sample size to achieve 80% power
was 55 samples. Thus, comparisons of strain at a given
displacement and/or joint level could not be analyzed for
significance with a high degree of certainty. Because the
linear regressions were not underpowered, only those results
are reported.

In the vertical neutral position, the joint capsules appear
to have been preloaded. Using visual observation during
motions, no buckling of any of the capsules was ever ob-
served. Because membranes in general do not support in-
plane compression, it appears that the large negative principal
strains observed, for example in extension, were the result
of the capsule undergoing “relaxation” rather than in-plane
compression per se. In general, the magnitudes of the strains
increased with larger displacements (ie, Ê1 became more
positive, Ê2 became more negative). Interspine mean
regional principal strains were highly correlated with
increasing displacements for all four motion types (mean
R2�0.86�0.23 SD, with only 22% of the trials having
R2�0.75). Ê1 was generally more highly correlated to dis-
placement (mean R2�0.86�0.23 SD, with only 18% of the
Ê1 versus displacement relationships having R2 less than
0.75) than was Ê2 (mean R2�0.82�0.23, with approximately
28% of the Ê2 versus displacement relationships having R2

less than 0.75).

Extension
In extension, mean Ê2 magnitude was largest in the L5–

S1 capsule, decreased for more cephalic capsules and was
smallest in the L1–L2 capsule (Fig. 6). The largest Ê2 oc-
curred during 40-mm extension at the L5–S1 capsule
(�11.0% strain). For increasing extension displacements,
Ê2 strains (absolute magnitude) at the L5–S1 capsules were
significantly larger compared with L1–L2 and L3–L4 cap-
sules (CLRL, p�.05). The largest Ê1 occurred during 40
mm of extension at L2–L3 capsules (7.7% strain). Mean Ê1

strains at L5–S1 capsules were significantly greater than
L1–L2 capsules (CLRL, p�.05).

Flexion
During flexion, Ê2 strains typically were significantly

larger at the L4–L5 capsules than at L5–S1 (CLRL, p�.05).
The largest Ê2 was measured during 40 mm of flexion at
L3–L4 (�7.5% strain); at any given joint/displacement, Ê2

was generally smaller in absolute magnitude during flexion
compared with extension. Typically during flexion, Ê1 mag-
nitudes were largest in the most caudal capsules and de-
creased for more cephalic capsules (Fig. 6). At a given
joint capsule, the absolute magnitude of Ê1 was larger than Ê2.
Mean Ê1 strains in flexion were also larger than those during
extension, and the largest mean Ê1 strain was during 40 mm
flexion at the L4–L5 capsules (14.6% strain). Mean Ê1 strains
at L1–L2 capsules were significantly smaller in magnitude
than L4–L5 and L5–S1 capsules, and L2–L3 capsule strains
were significantly smaller than L5–S1 capsule strains
(CLRL, p�.05).

Lateral bending: left side
During lateral bending, on the left side of the spine, Ê1

strains of the capsules were typically larger in magnitude
during right bending than during left bending (with the ex-
ception of L2–L3; Fig. 7, top). In right bending, L4–L5
Ê1 capsule strains were significantly larger than L1–L2 Ê1
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Fig. 6. Maximum and minimum principal strains (Ê1 and Ê2, respectively; refer to text for definition) during extension (Ext) and flexion (Flex) on the (top)
left and (bottom) right sides of the spine. At a given joint level, Ê1 was typically larger in absolute magnitude during flexion, whereas Ê2 was typically larger
in absolute magnitude during extension. The inserted tables display standard deviations (Std Dev) for the mean strains at a given displacement (Displ)
and indicate significant trends (Sig) among joint levels (comparison of regression lines, p�.05; the symbols *, �, ♦, and � indicate significant differences
from L1–L2, L2–L3, L4–L5 and L5–S1, respectively).
capsule strains (CLRL, p�.05). L2–L3 Ê1 capsule strains
were significantly smaller than all other joint levels (CLRL,
p�.05). There were fewer consistent trends in Ê1 during left
bending. Overall, the largest Ê1 strains were measured at the
L4–L5 capsules during 40 mm of right bending (8.6%
strain).

Ê2 strains on the left side of the spine during lateral
bending were typically larger in right bending than during
left bending, with the exception of L5–S1 capsules.
During right bending, the left L5–S1 capsule Ê2 strains were
significantly (CLRL, p�.05) smaller in absolute magni-
tude than the three more cephalic joint capsules (L1–L2,
L2–L3 and L3–L4); there were no significant differences in
Ê2 among the joint capsulesduring left bending.The largest Ê2

capsular strains on the left side occurred at L2–L3 during
40 mm of right bending (�7.9% strain).
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Fig. 7. Maximum and minimum principal strains (Ê1 and Ê2, respectively; refer to text for definition) during left bending (LB) and right bending (RB) on
the (top) left and (bottom) right sides of the spine. At a given joint level, Ê1 was typically larger in absolute magnitude during tensile motions, whereas
Ê2 was typically larger in absolute magnitude during compressive motions. The inserted tables display standard deviations (Std Dev) for the mean strains at
a given displacement (Displ) and indicate significant trends (Sig) among joint levels (comparison of regression lines, p � .05; the symbols *, �, ♦, and
� indicate significant differences from L1–L2, L2–L3, L3–L4, L4–L5 and L5–S1, respectively).
Lateral bending: right side
On the right side of the spine, Ê1 strains of the joint

capsules during left bending were typically larger in magni-
tude in the more caudal joints (L3–L4, L4–L5, L5–S1) than
those measured during right bending, whereas the opposite
was true for the more cephalic joint capsules (L1–L2 and
L2–L3; Fig. 7). During right bending, Ê1 at the L1–L2 cap-
sules was significantly smaller in magnitude compared with
the caudal capsules (L2–L3, L3–L4 and L5–S1); L4–L5 Ê1

capsule strains were significantly smaller than those in the
L2–L3 and L5–S1 capsules (CLRL, p�.05). During left
bending, Ê1 strains of the L1–L2 capsule were significantly
smaller than those in L2–L3 and L3–L4 capsules, and the L3–
L4 capsule strains were significantly smaller in magnitude
than those in the L5–S1 capsule (CLRL, p�.05). The largest
Ê1 capsular strains were measured during 40 mm of right
bending at the L2–L3 joint (9.4% strain).

During left bending, Ê2 strains were generally larger in
the more cephalic joint capsules (L1–L2, L2–L3 and L3–
L4) compared with the more caudal joint capsules (L4–L5
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and L5–S1); the opposite was true during right bending. In
left bending, Ê2 strains at L1–L2 capsules differed signifi-
cantly from those in the L2–L3 and L5–S1 capsules (CLRL,
p�.05). L2–L3 capsular strains were significantly larger than
the L4–L5 and L5–S1 capsules, and L3–L4 capsular strains
were significantly larger than L4–L5 capsules (CLRL, p�.05
for all). During right bending, Ê2 at L5–S1 capsules was
significantly larger than all other joint capsules (CLRL,
p�.05). The largest Ê2 strain (absolute value) was measured
at L2–L3 capsules during 40 mm of left bending (�6.1%
strain).

In general, at a given joint level, the motion (flexion/
extension vs left bending/right bending) during which the
joint experienced the largest IVA was the same motion during
which the largest principal strain occurred (Table 1). In
addition, if a comparison between the IVA-displacement
regressions for two joints was statistically significant, then
it was likely that a significant comparison of the same
joints was observed in the principal strain-displacement
regressions (particularly during motions producing strains
of high magnitude, as in flexion).

Discussion

To our knowledge, this is the first report of in situ plane
strains in lumbar facet joint capsules developed during physi-
ological motions of ligamentous lumbar spine specimens
(T12 sacrum). From full extension to full flexion of the
lumbar spine, mean principal strains of the joint capsules
increased monotonically with the largest strains occurring in
the most caudal joint capsules. Capsule strains during left
and right bending demonstrated relative mirror symmetry.
These data provide support for the concept that joint capsule
loading could provide a biomechanical signal for lumbar
spine proprioception.

Using a displacement-controlled apparatus, the IVAs in
the current study were similar to those obtained by Panjabi
et al. [23] using a moment-controlled apparatus. In both
studies, the maximum IVAs during flexion and extension
trials were measured at L5–S1 and averaged approximately
5 degrees (compare Fig. 4, left, in current study with Fig.
3 in Panjabi et al. [23]). In the current study, the maximum
IVA during lateral bending was at L3–L4 (6.6 degrees),

Table 1
Motions creating the largest intervertebral angle and principal strain
for each joint level

Joint level Maximum IVA (degrees) Largest strain

L1–L2 RB (�6.77) RB (0.050)
L2–L3 LB (5.44) RB (0.090)
L3–L4 RB (�6.0) RB (0.086)
L4–L5 F (�4.54) F (0.146)
L5–S1 E (5.18) F (0.140)

E�extension; F�flexion; IVA�intervertebral angle; LB�left bending;
RB�right bending.
whereas in Panjabi et al. [23] the maximum IVA was at L2–
3 (5.3 degrees) (compare Fig. 4, right, in current study with
Fig. 5 in Panjabi et al. [23]); however, in both cases these
values were not significantly different from IVA measured
at other joints. Indeed, the IVA for a given moment appears
to be similar in both studies (ie, the mean IVAs in this
study typically appeared within their respective standard
deviations).

Despite high variability within the data, consistent pat-
terns of strain related to specimen position were observed.
Although intracapsular strains were heterogeneous, similar
to those observed in the cervical spine [13], elemental strains
systematically increased with increasing displacements of
flexion/extension. For a given lumbar facet joint capsule,
the motion during which the joint displaced the most (ie, a
maximum IVA was measured) was the same type of motion
during which the capsular ligament experienced the largest
strains. When considering the lumbar spine as a whole,
significant differences in the IVA–displacement relationships
for motion segments usually meant that their strain–displace-
ment relationships were significantly different as well. This
was most strongly observed during flexion and less so during
motions of extension, left and right bending, possibly be-
cause of differences in the mechanics of each motion.
These trends were in contrast to the lack of consistent
strain patterns observed in cervical spine facet joint capsules
[13], which may be the result of the anatomical differ-
ences between the cervical and lumbar spines.

Lumbar facet capsule principal strains (tensile) in the
current study were similar in magnitude to uniaxial facet
capsule strains reported by Panjabi et al. [14], although the
joint moments in the current study were much smaller. An
explanation for this was the relative sigmoidal relationship
between intervertebral angles and joint moment, as shown
in the current study as well as by Panjabi et al. [23] and
in cervical spine in vivo [24]. For larger moments, the IVAs
plateau, and there was minimal increase in IVA with in-
creasing moment [23]. The current study depicted similar
nonlinear relationships (Fig. 5), although because the devel-
oped moments were smaller, there was less demonstration of
a plateau. Because the facet joint capsule strains were related
to the IVAs, then with similar IVAs in both studies it was
reasonable that they would have comparable magnitudes of
capsule strains.

Similar to observations in the cervical spine [13], the
lumbar facet joint capsules often experience both in-plane
tensile and compressive strains simultaneously in response to
physiological motions (ie, in over 80% of the trials in the
current study). Hence, when reporting plane principal strains
in facet capsule, it was valuable to present both principal
strains. For example, in lumbar facet capsules the maximum
principal strains (Ê1 in the current study) were typically
larger (more positive) during tensile motions (ie, flexion and
lateral bending contralateral to the facet joint of interest) than
in compressive motions (ie, extension and lateral bending
toward the facet joint of interest); the opposite was generally
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observed when considering the minimum principal strains
(Ê2 in the current study), particularly during extension and
flexion. For this reason, significant relationships or trends
between motions and capsule strains were generally not
apparent in Ê1 strains during compressive motions, whereas
several trends were identified in Ê2 strains for the same
motions. Thus, although presenting both principal strains
was more complex, some significant relationships became
apparent that might have otherwise been missed.

The organization of the principal strains as maximum
(Ê1) and minimum (Ê2) was supported by the fact that a
large percentage of the strains in either group had the same
orientation (ie, were either E1 or E2). In addition, the domi-
nant orientation of the principal strain largest in magnitude
was logical when considering motion type and capsule loca-
tion. For instance, during compressive motions one would
expect that the capsule would compress along the y-axis
and thus elongate along the x-axis. Conversely, during tensile
motions, one would expect that the capsule would elon-
gate along the y-axis and compress along the x-axis. The
data were generally consistent with this reasoning for all
four motion types.

There are a number of constraints that should be consid-
ered when interpreting the results from the current study.
First, the specimens were obtained from older adults, and
preliminary data (not shown) from our laboratory for
younger spines, which generally are much more flexible,
suggest that capsule strains in younger spines can be much
larger for the same joint moment. Second, the variability in
the data was relatively high, which was likely the result of
a combination of factors, including age, gender and relative
overall health of the donors. Furthermore, the variability in
strain patterns may have been exaggerated by differences
in marker placement, because in some cases it was necessary
to place the array of markers in an irregular pattern or to
use fewer markers because of capsule morphology. Although
an irregularly shaped element would not have affected the
accuracy of the strain measurement, a difference in marker
placement could affect principal strain patterns from one
capsule to the next (given the heterogeneity of strains on
the capsular surface). Variability was also no doubt influ-
enced by slight differences in collagen fiber orientation in
different regions of the capsular surface and/or multiple
points of insertion of the capsular ligament [22]. Orienting
the spine in its neutral position using visual inspection
alone may have increased the variability observed among
the spine specimens as opposed to using other inspection
techniques. However, these increases are likely to be small,
as X-ray validation of the neutral position was shown to
result in similar IVA variability [23]. Finally, in spite of
precautions to keep the spine specimens moist, each capsule
was exposed directly to air for significant periods of time, and
each of the spine specimens underwent a few freeze-thaw
cycles, all of which could have affected the measured strains.

It is well established that facet joint capsules are inner-
vated with mechanoreceptors and nociceptors [1,6,10,
11,25,26], and it follows that this system may serve proprio-
ceptive functions [4,27]. It has been demonstrated in animal
models that afferents innervating the lumbar facet capsule
and surrounding tissue respond to capsular manipulation [10]
and stretch [11]. The current study provides biomechanical
evidence that there is a consistent pattern of facet capsule
strains associated with lumbar motions, and thus provides
support to this proprioceptive theory in human lumbar
spines.

Appendix

Calculation of plane strains during plane rotation

To account for capsule plane rotation, four general modi-
fications were necessary and made to the 2D isoparametric
finite element method of Hoffman and Grigg [15] for calcu-
lating plane strains. First, all marker centroids were mea-
sured in 3D (x, y, z), rather than 2D (x, y). Second,
isoparametric “brick” (eight-noded) elements were created
rather than 2D quadrilateral (four-noded) planar elements.
These brick elements consisted of the four “real” nodes de-
fined from the measured centroids of four markers, and four
“virtual” nodes, each of which was normal to the actual plane
and respectively projecting from a real node at a constant
arbitrary, but reasonable, distance of 1 mm (Fig. A1). Hence,
brick elements of constant 1-mm thickness were created.
Third, Lagrangian strains were calculated using a full 3D
approach for each of the eight nodes of a brick element.
The “real” quadrilateral and its virtual nodes were then
mapped from Cartesian (x, y, z) to natural (s, t, r) coordinates
using interpolation functions [28] (equations A1 to A8).

Fig. A1. Eight-noded “brick” element, created by the four front real nodes
(ie, centroids of the markers fixed to the facet joint capsule surface) and
the four virtual nodes, for plane strain calculations using a three-dimensional
finite element method. Natural coordinate axes (r, s, t) are shown.
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As was done in Hoffman and Grigg [15], these interpola-
tion functions were used in calculating the spatial partial
derivatives of the nodal initial positions (x, y, z) and displace-
ments (u, v, w) (hence, this approach was an isoparametric
finite element method). The chain rule then yields the partial
derivatives expressions of the nodal displacements in the
natural coordinate system for the 3D isoparametric element
(equations A9 to A11).
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Solving for the right-most vectors in equations A9 to A11
then allows for plane strain calculations using the Lagrangian
large strain formulation [29].

Fourth, strain artifacts resulting from plane rotation were
eliminated by performing a coordinate transformation of
the 3D strains relative to the original reference plane (ie,
where the spine was in its neutral or reference position).
The transformation matrix [T] was determined by the matrix
operation necessary to transform the plane of the deformed
nodes [n] such that it would be parallel to the reference
plane [n′] [30]:

n′ � [T]n (A12)

Then, the nodal strain tensor was multiplied by this trans-
formation matrix:

E′ � [T]E (A13)

Because the thickness was held constant, all out-of-plane
shears became identically zero (ie, εyz�εxz�εzy�εzx�0)
from the transformation, resulting in plane strains from a
3D strain calculation method.

Validation of this algorithm was performed as follows: 1)
3D coordinates of four reference nodes and their coordinates
following known, arbitrary deformations, but without plane
rotation, were input, and the algorithm correctly calculated
the respective plane strains; 2) 3D coordinates of quadrilater-
als at arbitrary planes of rotations, but without any internodal
displacement, were input. This correctly resulted in zero
strain; 3) nodal coordinates of known displacements and
plane rotations were input, which resulted in correct calcula-
tion of plane strains.
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