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Abstract

The lumbar facet joint (FJ) is often associated with pathogenesis in the spine, but quantification of
normal FJ motion remains limited to /n vitro studies or static imaging of non-functional poses. The
purpose of this study was to quantify lumbar FJ kinematics in healthy individuals during
functional activity with dynamic stereo radiography (DSX) imaging. Ten asymptomatic
participants lifted three known weights starting from a trunk-flexed (~75°) position to an upright
position while being imaged within the DSX system. High resolution computed tomography (CT)
scan-derived 3D models of their lumbar vertebrae (L2-S1) were registered to the biplane 2D
radiographs using a markerless model-based tracking technique providing instantaneous 3D
vertebral kinematics throughout the lifting tasks. Effects of segment level and weight lifted were
assessed using mixed-effect repeated measures ANOVA. Superior-inferior (SI) translation
dominated FJ translation, with L5S1 showing significantly less translation magnitudes (Medlian
(Md) = 3.5 mm, p < 0.0001) than L2L3, L3L4, and L4L5 segments (Md = 5.9 mm, 6.3 mm and
6.6 mm respectively). Linear regression-based slopes of continuous facet translations revealed
strong linearity for Sl translation (/2 > 0.94), reasonably high linearity for sideways sliding (Z-) (/2
> 0.8), but much less linearity for facet gap change (X-) (7 ~ 0.5). Caudal segments (L4-S1),
particularly L5S1, displayed greater coupling compared to cranial (L2-L4) segments, revealing
distinct differences overall in FJ translation trends at L5S1. No significant effect of weight lifted
on FJ translations was detected. The study presents a hitherto unavailable and highly precise
baseline dataset of facet translations measured during a functional, dynamic lifting task.
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1. Introduction

Lumbar facet joint (FJ) pain is a prevalent pathology shown to account for around 20% of
cases of low-back pain (Friedrich et al., 2007; Manchukonda et al., 2007), but its
biomechanical antecedents are less clear. Although changes in FJ mechanics, particularly
kinematics, have been linked to tissue degeneration (Boswell et al., 2003; Simon et al., 2012;
Vernon-Roberts and Pirie, 1977), quantification of their normal mechanics /n vivo during
functional activity is lacking. Such normative data are important, as studies have alluded to
associations between deviations from “normal’ facet mechanics and the overloading or
damaging of surrounding spinal tissues, such as facet cartilage, capsular tissues, and
intervertebral discs (Fujiwara et al., 2000; Li et al., 2011; Simon et al., 2012). Additionally,
excessive or abnormal motion between lumbar facet surfaces can cause nerve compression
and stress the well-innervated cartilaginous tissues and capsular ligaments of the FJ, which
have been shown to release pain receptors when put under significant stress (Cavanaugh et
al., 19964a; lgarashi et al., 2004; Lu et al., 2005b; Yamashita et al., 1996a,b).

From a clinical perspective, an accurate depiction of normal facet joint franslational
kinematics can help improve our understanding as well as diagnoses of degenerative
diseases such as FJ osteoarthritis. For example, FJ space is an important metric for
evaluating the progression of osteoarthritis, as narrowing of the facet gap and subsequent
articular cartilage thinning have been highly correlated with the onset of osteoarthritis
(Buckland-Wright, 2004; Pathria et al., 1987; Simon et al., 2012). Nevertheless, static CT
imaging-based evaluations of facet gap (Simon et al., 2012) or facet contact area (Otsuka et
al., 2010) may not discern the presence of different damage mechanisms based on differing
movement patterns (Adams and Hutton, 1983), and, as reiterated by Simon et al. (2012),
relationships between extent and location of facet degeneration and /n7 vivo kinematics still
require further clarification. Secondly, although FJ pain and associated osteoarthritic
conditions are often preceded by degenerative disc disease, it has also been shown to occur
without concomitant disc degeneration in about 20% of degenerated spines (Videman et al.,
1995). This implies FJ pathologies are not always directly attributable to pathologies arising
within the intervertebral disc (Kalichman and Hunter, 2007; Lewin, 1964; Swanepoel et al.,
1995; Videman et al., 1995).

Quantifying dynamic /n vivo lumbar FJ motion, however, can be quite challenging given the
relatively small magnitudes of translation. Currently, our understanding of FJ motion is
based primarily on cadaveric studies (Adams and Hutton, 1983; Stokes, 1988) or CT and
MRI imaging in static, non-functional positions (Simon et al., 2012; Svedmark et al., 2015;
Svedmark et al., 2012). Li and co-workers were the first — and to our knowledge, the only
group — to demonstrate the use of biplane video-fluoroscopic imaging to quantify lumbar
facet 3D angular and translational orientations in static, functional weight-bearing poses in
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healthy individuals (Kozanek et al., 2009). While their study provided invaluable insight into
FJ orientation in static poses, a dynamic dataset acquired during functional activities could
offer more clarity regarding normal physiological motion of the lumbar facet joints.
Hence, the purpose of this study was to quantify 3D, bilateral functional lumbar FJ
kinematics in healthy individuals. We used a previously acquired dynamic dataset of lumbar
vertebral motion during a functional, dynamic lifting task (Aiyangar et al., 2015, 2017,
2014). Since measures of facet gap and facet sliding are the most relevant metrics for clinical
applications, we focused on the translational characteristics of the lumbar facet joint
kinematics in this study. We hypothesized that facet translation would vary across individual
lumbar (L2-S1) segments as well as with magnitude of external load lifted.

2. Methods

2.1. Experimental data acquisition

2.2.

In an institutional review board (IRB)-approved study, 14 healthy participants (ages 19-30)
reporting no history of low back disorders were recruited. After providing written consent,
participants completed a series of lifting tasks (two trials for each of three different weights:
4.5 kg, 9.1 kg and 13.6 kg) in a sagittally symmetric motion without bending their knees.
Participants started from an approximately 75° trunk-flexed position (~44° L2-S1 flexion)
(Aiyangar et al., 2015) until reaching an upright position. Additionally, static standing trials
with the subject holding no weight were performed. Adequate rest was provided between
trials.

During each trial, the DSX system recorded dynamic X-ray images of the participants’
lumbar spine in the sagittal and frontal planes at 30 frames per second (fps) for two seconds
(pulsed exposure = 4 ms/frame, excitation voltage = 70-80 kV, current = 320-630 mA,
effective radiation dose per dynamic trial <0.6 mSv). High resolution computed tomography
(CT) scans (voxel size = 0.25 mm x 0.25 mm x 1.25 mm, effective radiation dose <12.3
mSv) of each participant’s lumbar spine were also obtained, from which individual vertebrae
would be segmented to create 3D bone models using Mimics 14.0 (Materialise Inc., Ann
Arbor, MI). The instantaneous 3D position of each vertebra was then determined by
registering the 3D CT-based bone models to the 2D DSX radiographs for every recorded
frame using a previously validated semi-automated markerless model-based tracking process
(precision < 0.2 mm and 0.26°) (Lee, 2010). More details on the experimental data
acquisition can be seen in a series of prior publications (Aiyangar et al., 2015, 2017, 2014).

Kinematics analysis

Due to image quality and capture volume limits, L1 kinematics could not be included in this
study. Local coordinate systems (LCS), based on four landmarks points (inferior, superior,
posterior, and anterior), were defined on the inner and outer surfaces of the superior and
inferior facets, respectively, of each vertebra from the L2 to S1 (Fig. 1). The average location
of the four landmarks defined the LCS origin. The Z-axis represented the direction parallel
to the facet faces (sideways facet sliding). The X-axis represented the direction normal to the
facet faces (7acet gap.) The Y-axis represented the superior-inferior direction, creating a
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right-handed orthogonal coordinate system on both the left and right facet surfaces. Body-
fixed translations of the lower facet LCS of the superior vertebra with respect to the upper
facet LCS of the inferior vertebra (left and right) were calculated for all static and dynamic
trials. At each time frame, from the start to completion of the lift, the change in X-, Y- and
Z- body-fixed translations with respect to the fully flexed body-fixed translations were
reported. Differences between the instantaneous body-fixed translations of the flexed and
static upright positions were also reported. To consistently describe facet joint kinematics
between left and right facet joints, a positive translation along the X-axis of the inferior
vertebra’s upper facet LCS represented an increase in facet gap, whereas a negative
translation represented a decrease in facet gap. Data were presented with respect to

c Vi

progression of the lift, or percent task completion (PTC = = 01 x 100; 6, 6;, O¢= current,
i} i

initial and final L2-S1 angle respectively), as opposed to time. PTC is a normalization of
time based on overall L2-S1 flexion angle, with 0% and 100% corresponding to the start
(fully-flexed) and end (upright reference) position, respectively.

2.3. Statistical analysis

Data acquired from the two trials per task were averaged into a single dataset. Further,
results from the left and right FJ were not significantly different (except for X- component of
L2L3 and L3L4 segments); hence these data were averaged. Data from three participants
were excluded owing to poor image capture quality and tracking issues. One additional
participant was excluded due to poor image quality for the static trials making 10
participants’ data available for processing yielding 116 observations. Mean (£Clgs)
translations in the X~ Y-and Zdirections for every decile of L2-S1 extension range-of-
motion (ROM) were computed for each load-lifting task across participants to enable
qualitative observations of differences across segments and across load levels. Time series
plots (“time” as indicated by PTC) of the translations between 0% and 80% of L2-S1 ROM
were generated, with the start of the lift (fully flexed position) defined as our zero-translation
reference position. Corresponding linear regression-based slopes were computed to identify
migration trends, demonstrated by a slope significantly different from zero (a = 0.05).

Repeated measures analysis was employed with data compiled as a mixed model, with
segmental level (four levels: L2L3, L3L4, L4L5, L5S1) and load magnitude [three levels:
4.54 kg (10 Ib), 9.1 kg (20 Ib), 13.6 kg (30 Ib)] as the two within-subject, fixed effect,
categorical factors and “participant” as the random factor. The total translations in each of
the three directions were the outcome variables. Differences across segments and load
magnitudes were assessed based on post-hoc Tukey’s Honest Significant Difference (HSD)
comparison-of-means tests. Similar analyses were also conducted for left and right facet X-
translation components separately. The extent of overlap between the notches of respective
boxes in notched box plots (Mcgill et al., 1978; R_Core_Team, 2015) of the left-right
averaged datasets provided an additional, visual representation of the differences between
the groups. The notches, which represent a 95% confidence interval (Clyotcn) Of the median,
extend to /#1.58 * IQR/((n)?%)], where “IQR” = interquartile range between first to third
quartile, and “n” = number of non-missing observations within the group. No overlap
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indicated significant differences. All analyses were performed in R® statistical computing
software (R_Core_Team, 2015).
3. Results

Static, upright (reference) Sl spacing was substantially larger at L5S1 compared to other
segments (Table 1). Although coupled translation was observed, translation in the superior-
inferior (SI, local Y-axis) direction was the dominant contributor. Sl translation was
significantly lower in L5S1 /p < 0.001] compared to L2L3, L3L4 and L4L5 segments. No
significant differences were detected between the other segments (p > 0.5, Fig. 2, Table 2).
L4L5 and L5S1 exhibited larger translations along the averaged, local X- [Median (Md) =
0.4 mm and 0.4 mm, respectively]and Z-axes (Md = -1.5 mm and —1.6 mm, respectively)
compared to L2L3 and L3L4 [/(x-axis Md = 0.2 mm and 0.03 mm, respectively,; z-axis Md =
=0.7 mm and —0.7 mm, respectively]. Following differences were significant along Z- (L5S1
> L3L4, p=0.01; LAL5 > L3L4, p=0.04, L5S1 > L2L3, p<0.001; LAL5 > L2L3, p=
0.0016). For the right side, L5S1 and L4L5 X-components were significantly greater than
L3L4 (p=0.01 and 0.04 respectively). Averaged X-component translations as well as those
for the left facets were not significantly different across segments. Time series plots
including the mean (xClgs) for the segment-specific translations for each of the three load
cases are shown in Fig. 3. Corresponding linear regression-based slopes (Fig. 4) revealed
strong linearity (/2 > 0.94) for Sl translation component and reasonably good linear fit for
the sideways sliding (Z-) component (/2 > 0.8), with a much lower correlation coefficient for
X-component (facet gap, 72 ~ 0.5). No significant effect of the magnitude of weight lifted
was detected (p>0.7, Fig. 5, Table 3). Overall magnitudes of translation in the superior (L2-
L5) segments were quite similar /Md (£Clypic1) = 5.9 (0.7) mm, 6.6(+0.6) mm and
6.9(+0.6) mm respectively], but L5S1 facet translations were markedly different (Md =
4.1mm, p < 0.0001). Statistical tests showed no significant differences in left-right averaged
facet gap translation between segments, but greater translation was indicated at the caudal
segments (L4L5 and L5S1) than at the cranial segments (L2L3 and L3L4) (Fig. 2).
Moreover, they were significantly different from zero, based on the confidence intervals of
the notched box plots. Similar inferences could be made regarding the facet-sliding
component, although translations in the caudal segments were clearly significantly larger
than the cranial segments. The continuous time-series curves (Fig. 3) generally confirmed
this trend, at least for sideways facet sliding: Z-translation appeared to be greater (more
negative) at the caudal segments. Trends in X-translations (facet gap) were less apparent
across all the trials.

4. Discussion

4.1. Segment-specific differences

The clearest differences were observed in SI translation, which was about 45% less at L5S1
compared to the rest, on average. The highly linear time-series curves (Fig. 4b) imply that, at
least for healthy and asymptomatic individuals, accurate end-ROM based measurements at
flexed and upright poses might be adequate to estimate Sl translations within the lumbar
facet joints. However, comparing Sl translation results with the limited number of previous

J Biomech. Author manuscript; available in PMC 2019 April 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Byrne et al.

Page 6

studies based on end-ROM static imaging techniques yields somewhat mixed results. For
example, (Svedmark et al., 2012) reported overall translation magnitudes of 6.5 mm and 4.6
mm at the L4L5 and L5S1 facets respectively, although these were based on CT
measurements of supine flexed- and extended spines. On the other hand, (Kozanek et al.,
2009) reported L4L5 translations to be much lower than L2L3 and L3L4 segments.
Moreover, the overall magnitudes reported were also much lower (x < 4 mm) than those
measured in the current study.

Interestingly, although Sl trans/ations at the L5S1 facets were of a smaller magnitude, SI FJ
spacing at the static upright position was considerably larger compared to the other segments
(Table 1). A possible explanation could be that in the standing position, there is an inherent
superior shift in FJ spacing at L5S1 compared to other segments on account of a difference
in vertebral orientation and lordosis. Although the Sl spacing is approximately 2 mm larger
for L5S1 in upright stance compared to the upper segments, it should necessarily reduce
further in hyperextension, when the facet joints bear a larger proportion of the lumbar loads,
with the magnitude of translation being proportionally larger in L5S1. Orientation and
translation patterns also suggest greater contact forces and hence higher risk of wear at the
lower extremities of the superior (L5) facets; however few studies are available to directly
confirm this hypothesis. FE models of functional spinal units simulating sagittal rotation
have predicted greater contact at relatively superior locations on the inferior facet of the
superior bone (L2) for the L2-L3 joint (Shirazi-Adl, 1991) but relatively more inferior
locations on L4 inferior facets for the L4-L5 joint (Schmidt et al., 2008), implying a
progressive downward shift of the contact location from cranial to caudal segments.
Secondly, the combination of a larger Sl spacing along with a smaller facet gap for L5S1
facets, which narrows further into a flexion pose, also suggests upper extremities of the S1
facet could be at higher risk for wear and degeneration, particularly with any disc height loss
following an onset of disc degenerative conditions. Results from a recent FE study (Du et al.,
2016) appear consistent with this hypothesis: contact forces during flexion movement
appeared exclusively in the L5S1 segment on the upper extremities of the superior facets of
S1. Facet contact did not appear to occur within the upper (L1-L5) segments during flexion.

Translations in X- (7acet gap normal to facet face) and 2~ (facet sliding parallel to facet face)
directions were relatively small and similar to those reported by (Kozanek et al., 2009). The
results indicate that coupled translation patterns in the caudal segments, while small, are
significant, particularly for L5S1. Some of the segment-wise differences in X- and 2~
directions could be due to differences in articular facet orientation. (Masharawi et al., 2004)
reported progressively more coronally oriented facet surfaces as one moved caudally along
the thoracolumbar spine, postulating this to be an adaptation to allow a progressively
increased range of movement in the lumbar segments. Masharawi et al. also showed that the
mismatch in both transverse orientation (angle made with the sagittal plane) and longitudinal
orientation (angle made with the frontal plane) between the adjacent facets increased from
the cranial to the caudal segments. This “opening up” of facet surfaces in the two directions
could explain the larger changes in facet gap and facet sliding observed at the caudal
segments in the current study, further supporting Masharawi et al.’s speculation that a
mismatch in orientation of adjacent facets encourages more coupled translations.
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One peculiarity in the results was the difference in X- (facet gap) translation magnitudes
between left- and right sides for L2L3 and L3L4. Our previous analyses on vertebral 3D
rotations did show coupled, non-sagittal translations and rotations to be small, but
significantly greater than zero (Aiyangar et al., 2014). Although differences were not
statistically significant, cranial segments exhibited slightly larger lateral bending (Table 4),
which might partially explain these differences by simultaneously increasing facet gap on
one side while reducing it proportionally on the other.

Load-specific differences

No significant differences in facet translations were observed due to magnitude of the lifted
load. Previous investigations into effect of the external load on intervertebral rotations
patterns and migration patterns of the instantaneous centers of rotation based on this dataset
also failed to discern statistically significant differences (Aiyangar et al., 2015, 2017).
However, this does not necessarily imply that external weight does not have any effect on FJ
motion. It is plausible that the incremental increase in load for this study was not enough to
produce significant effects on lumbar facet kinematics.

Implications for facet-based pain

The study presents a hitherto unavailable baseline dataset of facet translations measured
accurately and with high precision during dynamic, functional activities. The primary
motivation for documenting a benchmark for FJ translations in a healthy cohort, however,
was to enable future investigations of the biomechanical antecedents of pathological
conditions. It is then worthwhile to ponder the implications of deviations from the relatively
small translations observed in this study.

Although motion between facet surfaces is relatively small, nominal strains developed
within the facet capsules during the course of a normal range of motion can be quite large.
For example, lanuzzi et al. (2004) demonstrated that principle strains in the facet capsules
reached upwards of 14% for a prescribed lumbar flexion angle (40°). /n vitro studies have
suggested the strain threshold for sustained painful capsular stretching to be anywhere from
20% to 47% (Dong et al., 2008; Dong and Winkelstein, 2010; Jaumard et al., 2011; Lee et
al., 2004; Lu et al., 2005a,b). Relatively minor increases in translation — of the order of a
millimeter — could significantly increase capsular strains and consequently the likelihood of
pain, particularly if these translations were sustained or occurred repeatedly during daily
activity. Secondly, small deviations from the normal ranges of translation could increase the
risk of adjoining facet face impingement and surface cartilage wear. For example,
observations of facet kinematics in patients with DDD revealed a marked increase in
coupling of the translation components compared to asymptomatic controls (Li et al., 2011).
These increases were observed at the index- as well as the adjacent level. The situation could
be particularly exacerbated in conditions associated with lumbar instability, where sudden
but transient deviations in translation patterns could momentarily cause impingement within
the facet joints, or cause facet capsular strain levels to exceed the pain threshold. Further
studies are needed to quantify the threshold for kinematic deviations leading to the onset of
painful FJ pathological conditions.
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Several limitations are present within this study. First, a few participants’ data were not
useable, reducing the sample size of our study to 10. Additionally, we were unable to
include the L1 in our study due to capture volume limitations of the DSX system. The age
range of participants included in this study was very limited as well and is not representative
of the general demographics. However, since our goal was to provide a dataset of healthy
lumbar kinematics, the relatively young age group included in this study may be adequate.
Although all participants were instructed and trained to finish the lifting motion within a 2-
second time period, not all participants were able to reach their upright position (100% PTC)
during DSX imaging, limiting our ability to quantify lumbar facet motion at time instances
exceeding 80% PTC.
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= = = Translation vector

Inferior

Inferior
Inferior

Fig. 1.
Local coordinate systems (LCS) on the inferior and superior facet surfaces. Depicted

translations have been exaggerated for clarity. (a) Viewing direction normal to surface of
superior facet of inferior vertebra, (b) viewing direction nominally superior to the facet
surface, and (c) view displaying the superior and inferior vertebrae of a given lumbar
intervertebral segment.
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Effect of segment level on facet translation. (a) X-direction or facet gap, (b) Y-direction or

superior-inferior translation, and (c) Z-direction or sideways sliding. Notches indicate

confidence intervals of the median. Lack of overlap between notches indicates significant

difference. Plot whiskers encompass the total range of data in each group.
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Lumbar facet translations in the X-, Y-, and Z-directions from the starting flexed position to
80% percent task completion — flexed position being the zero point. Error bars represent
+95% confidence intervals.
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Fig. 4.
Linear regression-based slopes of the facet joint translation components for each segment.

(a) X-direction of facet gap, (b) Y-direction or superior-inferior translation, and (c) 2~
direction or sideways sliding. Units are (mm/%), but values are scaled (x100) for clarity of
display. Error bars indicate £95% confidence intervals. Lack of overlap between error bars
between groups indicates significant difference.
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Effect of load magnitude on facet translation: (a) X-direction or facet gap, (b) Y-direction or

superior-inferior direction, and (c) Z-direction or sideways sliding. Notches indicate

confidence intervals of the median. Lack of overlap between notches indicates significant

difference. Plot whiskers encompass the total range of data in each group.
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Segment-specific coupled lateral bending range of rotation during extension motion. Values are mean and 95%
Confidence Intervals (¥ + CIs).

Segment  Coupled lateral bending(®)  Sagittal extension (°)
L2-L3 1.9+1.0 9.9+15

L3-L4 1.9+0.5 10.7+1.4

L4-L5 1.5+0.6 12.1+2.0

L5-S1 1.4+0.6 9.6+2.1
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