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ABSTRACT

Background: Chronic low back pain (cCLBP) presents as a heterogeneous condition, making diagnosis and treatment challeng-
ing. Lumbar spine intervertebral kinematics may provide an objective assessment of patients with cLBP that may be used to
inform treatment decisions and evaluate the efficacy of interventions. The purpose of this study was to provide a quantitative
description of intervertebral motion in the lumbar spine during flexion/extension (F/E) and lateral bending (LB) in individuals
with cLBP.

Methods: Datafrom 125individualsisincluded in thisanalysis (M: 53; F: 72;n =66 < 60 years of age; average BM1: 25.7 + 3.6 kg/m?).
Dynamic biplane radiography (DBR) and a validated volumetric model-based tracking system were used to assess intervertebral
motion at every lumbar level (L1-L2 through L5-S1) during active F/E and LB movements in individuals with cLBP. The outcome
measures were the intervertebral translation and rotation range of motion (ROM), the contribution of each motion segment to
lumbar motion, the anterior—-posterior slip per degree of flexion (SPDF), and trial-to-trial repeatability as assessed by the standard
deviation in continuous kinematics waveforms over 3 trials of each movement. Outcomes were calculated for the entire group as
well as for the subgroups of men, women, individuals less than 60years of age, and individuals 60 or more years of age.
Results: The mean intervertebral F/E ROM progressively increased from 6.8°+3.1° at the L1-L2 through the L4-L5 motion seg-
ments, then decreased from 9.7°+5.2° at L4-L5 to 8.4°+£4.9° at L5-S1. However, substantial variability among individuals was ob-
served, and only 7 participants (5.6%) followed this ROM pattern. The mean intervertebral LB ROM increased from 8.8°+3.2° at
L1-L2 to 9.1°+4.2° at L2-L3 and then progressively decreased from the L2-L3 through the L5-S1 motion segments to 2.7°+1.8°.
However, only 13 participants (10.4%) followed this ROM pattern. On average, the L1-L2, L2-L3, and L5-S1 motion segments were the
main contributors to F/E when the torso was near the upright neutral position. L2-L3, L3-L4, and L4-L5 were the main contributors
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to midrange flexion and extension, and L3-L4, L4-L5, and L5-S1 were the main contributors to lumbar motion when the trunk was
near full flexion. L1-L2 and L2-L3 were the main contributors to lumbar LB near the neutral position and through the midrange.
The contributions from L4-L5 and L5-S1 peaked at the neutral position and at maximum bending. SPDF was similar in the L1-L2,
L2-L3, and L3-L4 motion segments, but less in the L4-L5 motion segment. L5-S1 SPDF was characterized by high variability among
individuals as compared to other motion segments. The average trial-to-trial repeatability in intervertebral rotation in the primary

plane of motion over all points on the kinematics waveform ranged from 0.3° to 0.7° across all motion segments during F/E and LB.

Conclusion: This study demonstrates the heterogeneity in lumbar spine intervertebral kinematics in individuals with cLBP.

Further research is needed to identify mechanistic links between kinematics and other biological, behavioral, and clinical fea-

tures in individuals with cLBP and to identify which kinematic characteristics are useful metrics for informing treatment ap-

proaches for patients with cLBP.

1 | Introduction

Chronic low back pain (cLBP) is widespread and multidimen-
sional in nature [1]. The University of Pittsburgh's Low Back
Pain: Biological, Biomechanical, Behavioral Phenotypes (LB*P)
Mechanistic Research Center (MRC) is a member of the National
Institutes of Health's (NIH) Back Pain Consortium (BACPAC)
Research Program—which is part of the Helping End Addiction
Long-term (HEAL) Initiative. The overall objective of LB3P is
to perform in-depth phenotyping of patients with cLBP using
a multi-modal assessment approach that can inform improved
treatments. The LB3P performed an observational cohort study
of over 1000 people with cLBP [2].

Lumbar spine kinematics provide an objective assessment of
movement patterns in patients with chronic low back pain
(cLBP) that has the potential to inform treatment decisions and
evaluate the efficacy of interventions [3-6]. However, range of
motion (ROM) tests that are often used during clinical exams
assess global motion and lack the precision needed to objec-
tively identify aberrant kinematics in a specific motion seg-
ment of the lumbar spine. Conventional medical imaging, such
as computed tomography (CT), magnetic resonance imaging
(MRI), static (including flexion/extension [F/E]) radiographs,
and myelograms may provide evidence for structural origins of
symptoms; however, they are unable to identify dynamic im-
pairments over the midrange of motion [7]. Part of the reason
why there is currently not a clear association between interver-
tebral range of motion and pain or disability [8, 9] may be due
to the lack of understanding dynamic motion patterns at each
intervertebral level.

In light of these limitations of physical exams and static imag-
ing, several studies have used dynamic radiography to inves-
tigate intervertebral motion of the lumbar spine to assess for
kinematic abnormalities during movement [10-13]. Dynamic
radiography has advantages over conventional motion analy-
sis systems that track sensors placed on the skin (e.g., retro-
reflective markers or inertial measurement units [IMUs]).
Dynamic radiography eliminates errors associated with mis-
placed markers and IMUs, which can range from 15 to 29 mm
[14, 15], and it eliminates soft tissue artifact (STA) (i.e., relative
motion between the skin and underlying bone) [15-17], which
can average up to 8.6°. Disadvantages of dynamic radiography
are patient exposure to radiation, the need for sophisticated
imaging equipment and analysis software, and labor-intensive
data processing.

Previous dynamic radiography studies have found that patients
with cLBP were distinguished from healthy controls not by the
total ROM, but by how the motion occurred during the midrange
of motion, such as “disordered” motion and greater variability in
motion [10, 12, 13]. Despite the relatively small sample sizes and
exclusive focus on planar motions, findings from these studies
provide a rationale to comprehensively characterize intervertebral
kinematics in a large group to better appreciate the similarities and
differences in intervertebral kinematics in individuals with cLBP.

Furthermore, a more precise analysis of segmental motion may
provide clearer insights into the relationship between spinal
movement and pain or disability. The lack of strong evidence
linking spine movement to pain or disability may be due to an
inadequate understanding of motion patterns at each spinal
segment. Prior studies have primarily analyzed overall spinal
movement, overlooking potential segmental variations that
could influence pain perception and functional limitations
[8, 9, 18]. Analyses of critical segment-specific adaptations may
be key to linking spine movement to pain or disability.

Prior cadaveric studies have highlighted that lumbar range of
motion varies by level, with flexion-extension increasing cau-
dally and lateral bending peaking at mid-lumbar levels [19, 20].
Additionally, soft tissue structures (i.e., ligaments and disc) in
cadavers bear loads predictably in neutral postures [21]. The
isolated role of passive responses to motion due to soft tissue
structures in cadaver studies provides valuable insight when
conducting in vivo studies, where spinal muscles additionally
contribute to dynamic stabilization of the spine and there is neu-
romuscular adaptation to redistribute forces to reduce pain [22].
Importantly, in vivo studies can address how pain and physio-
logical loading specifically alter spinal motion patterns.

The purpose of this study was to characterize intervertebral
lumbar spine kinematics during multiplanar motion under
physiologic loading in individuals with self-reported cLBP.
The motions tested were flexion/extension (F/E) and LB (LB).
The F/E motion was selected because the largest lumbar spine
motions during activities of daily living occur in F/E [23],
moving the center of mass of the body anteriorly is associated
with the highest spinal loads [24], and static radiographic
measurements of intervertebral motion during end range F/E
are the standard of care for pre-surgical evaluation of lumbar
instability [25, 26]. LB was evaluated because it involves sig-
nificant multiplanar motion [27], LB radiographs can be com-
plementary to F/E when evaluating lumbar instability [28],

20f 16

JOR Spine, 2025



and the second largest lumbar spine motions during activities
of daily living occur in LB [23]. The four kinematic outcomes
evaluated for each motion were: (1) intervertebral ROM, (2)
contribution of each motion segment to overall lumbar spine
motion, (3) the amount of anterior-posterior slip per degree
of flexion (SPDF) at each motion segment during F/E, and
(4) trial-to-trial repeatability. ROM is the most frequently re-
ported kinematic metric in the lumbar spine, and it can be
used to identify individual motion segments with excessive or
restricted motion. Contributions to lumbar motion were inves-
tigated because previous studies suggest that cLBP patients
demonstrate variability in motion segment contributions
during the mid-range of motion [3, 4], which may be useful
for grouping patients according to their movement character-
istics. The SPDF at each motion segment has been proposed
as an objective metric to diagnose lumbar instability [29] and
identify anatomical and pathological abnormalities [30, 31].
Finally, trial-to-trial repeatability was assessed because it is
important for healthy and functional movement; overly rigid
movements (too little variability) or noisy and unstable move-
ments (too much variability) may overload joint tissues and
lead to joint degeneration [32].

2 | Materials and Methods
2.1 | Participants

Participants were enrolled from a larger study of over 1000
individuals that aimed to characterize biological, biomechan-
ical, and behavioral characteristics of individuals with cLBP
[2]. All participants provided informed written consent prior
to participating in this IRB-approved study. Participants were
English-speaking adults who met the definition of cLBP de-
scribed by the National Institutes of Health (NIH), which is
LBP located between the lowest ribs and horizontal gluteal
folds and experienced for over 3months at a minimum fre-
quency of 50% of the time [3]. Participants were excluded from
the larger study if they were not identified in the University
of Pittsburgh Medical Center Records, were participating in
a masked intervention study for LBP, or had a medical condi-
tion that would place them at increased risk or preclude them
from complying with study procedures. Exclusion criteria
specific to this dynamic radiography sub-cohort were a body
mass index (BMI) greater than 35kg/m? (due to radiographic
imaging challenges), pregnancy, or inability to perform the
required motions.

Participants were enrolled by referral from clinicians, research
registries, and community announcements between June 2020
and March 2024. The in-person enrollment visit took place at the
Department of Physical Therapy—Clinical and Translational
Research Center. Participants were followed remotely for
12months and were compensated for their participation incre-
mentally at all time points. Data presented herein were collected
at enrollment.

A total of 300 participants were enrolled in this sub-cohort. Two
hundred and ninety-eight participants completed biplane radi-
ography testing, usable CT scans were acquired from 295 partic-
ipants, and tracking of static standing biplane radiographs was

possible for 291 participants. This report includes F/E and LB
kinematics from a convenience sample of the first 125 individu-
als for whom data have been processed.

2.2 | Data Collection

Participants stood within a custom-designed dynamic biplane
radiography (DBR) system [33]. Participants performed one
static standing trial, one static flexed trial, three dynamic F/E
motion trials, and three dynamic LB trials. For static flexion
and all F/E trials, participants lightly rested their lower sacral/
buttocks on a semi-rigid support positioned perpendicular to
the floor to minimize posterior pelvic motion (Figure 1). A
bar was positioned at the level of the tibial tuberosities and
directly above the tips of their toes. Each subject held a dowel
in both hands, with their arms extended away from their hips
throughout the entire motion. With arms and knees relaxed
and straight, participants bent from their waist to touch the
bar and returned to standing to complete one dynamic trial.
LB was performed with arms at the sides, maximally bending
to the left, returning upright without pause, maximally bend-
ing to the right, and returning to upright neutral (Figure 1).
Participants were encouraged to slide their hands as far down
their thighs as possible to each side. Each movement was
performed at a pace sufficient to complete a full movement
cycle in approximately 3s. Data were collected over three rep-
etitions of each movement to provide an accurate estimate of
the participant's typical movement pattern while minimizing
radiation exposure [34].

F/E radiographs were collected from a 20° inclined anterior-
posterior (AP) view and a direct lateral view (Figure 1 top). LB
was imaged with the two systems set at 0° of inclination and
60° apart for lateral oblique views (Figure 1 bottom). Lumbar
spine (L1-S1) CT scans (GE Discovery CT750 HD, Chicago, IL)
were acquired within 2days of DBR testing (Figure 2C). The CT
scanner resolution was approximately 0.3mm X 0.3mm with a
slice thickness of 0.625mm. The maximum radiation exposure
during static and dynamic biplane radiographic imaging was
estimated to be 8.8 mSv using PCXMC software (PCXMC 2.0,
STUK, Helsinki, Finland) and the average effective dose from
the CT scan was estimated at 9.3mSv based upon a previous
study [34]. These exposures correspond to approximately 17.5%
and 18.6%, respectively, of the annual radiation dose of 50mSv
permitted by federal regulations for radiation workers [35].

2.3 | Data Processing

CT scans were resliced using Mimics software (Materialise,
Leuven, Belgium) to generate cubic voxels (average:
0.3%0.3x0.3mm). Bone tissue was segmented from the resliced
CT volume using automated thresholding and region-growing
algorithms in addition to manual segmentation (Figure 2C). An
anatomic coordinate system was generated for each vertebral
body based upon landmarks manually placed on the most an-
terior, left, right, and center posterior edge of each superior and
inferior endplate [36]. The coordinate system origin was at the
center of each vertebral body from L1 to L5 (Figure 2D). The S1
coordinate system was defined by four points manually placed
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FIGURE1 | Still pictures of the F/E motion (above) and the LB motion (below). F/E pictures show the biplane radiography system configured to
acquire direct sagittal and inclined anterior views. Note the participant holding the wooden dowel as a reminder to keep hands and arms out of the
sagittal radiographs, the target bar placed at the height of the tibial tuberosities, and the support positioned behind the sacrum to minimize posterior
pelvic motion. The device on the patient's arm controlled a dynamic filter placed on the x-ray source of the system acquiring sagittal images to mini-
mize overexposure and image washout during flexion. LB pictures show five instances of the motion, from maximum left to maximum right bending,
with the biplane radiography system configured to acquire anterior-oblique views. The participants were instructed to hold their hands at their sides
and slide their hands down their legs as far as possible toward the knee while holding the pelvis still.

E

Digitally Reconstructed
Radiograph #1

Simulated X-ray
Source #2

3D Bone Model

“:‘

Simulated X-ray
Source #1

Digitally Reconstructed
D Radiograph #2

FIGURE2 | Dynamic biplane radiography data collection and processing. (A) Participants performed F/E and LB motions while (B) synchronized
biplane radiographs were collected. (C) CT scans were collected and bone tissue segmented to (D) create 3D bone models. (E) Intervertebral motion
was measured using a validated volumetric model-based tracking process with submillimeter accuracy that matched digitally reconstructed radio-
graphs created from subject-specific CT-based bones to biplane radiographs, and (F) six degrees of freedom vertebral kinematics were calculated.

on the upper endplate of the 3D sacrum bone model, with the
origin located at the center of the endplate. Bone motion was
tracked using a validated, volumetric model-based tracking
process that matched digitally reconstructed radiographs cre-
ated from the subject-specific CT-based bones to the biplane
radiographs (Figure 2E) with an accuracy of 0.5° in rotation
and 0.3mm in translation [7]. Bone kinematics were calculated
using bone-fixed ordered rotations of the cranial bone relative
to the caudal bone about the left-right, then anterior-posterior,
and then superior-inferior axes for the F/E motion and about
the anterior-posterior, then superior-inferior, then left-right
axes for the LB motion [37], and filtered using a fourth-order,
zero-lag Butterworth filter with a 1Hz cutoff frequency as de-
termined by residual analysis [38]. Three-dimensional models

of the entire lumbar spine were visually inspected to ensure no
bone models penetrated adjacent bones after the tracking pro-
cess (Figure 2F).

2.4 | Data Analysis

ROM was calculated based upon the relative motion between
anatomic coordinate systems located at the center of each
vertebral body (or the top endplate, in the case of S1). ROM
was the maximum minus the minimum value for each of the
6 degree-of-freedom (DOF) kinematics components for each
motion segment over all corresponding trials for a participant
(in degrees or millimeters). Means and standard deviations
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Total L1 to S1: 10°

Total L1 to S1: 10°

Frame 1

Contributions:

FIGURE3 |

Frame 2

Segment Frame 2 Frame 3
L1L2
L2L3
L3L4

L4L5
L5851

Frame 3

15% 15%
20% 15%
30% 20%
30% 40%

5% 10%

Example calculation of contributions to F/E motion. The intervertebral motion at each motion segment is divided by the total L1-S1

motion for the interval (10° in this example) to calculate the percent contribution at each motion segment.

were calculated for the entire group, as well as for men and for
women, for participants less than 60years of age, and for par-
ticipants 60 or more years of age. We used a cut-off of 60years
old as a previous systematic review and meta-analysis has
shown that individuals over the age of 60 experience a signifi-
cantly greater prevalence of chronic low back pain, psychoso-
cial challenges associated with it, and varied pain experiences
that warrant a more targeted approach to the management of
chronic low back pain [39]. Intervertebral ROM at each mo-
tion segment was ranked from highest to lowest for F/E and
for LB for every participant to determine how many partici-
pants followed the intervertebral ROM rankings of the group
mean data.

The contribution of each motion segment to the primary
lumbar spine motion (F/E during F/E motion, LB during the
LB motion) was calculated as previously described [40, 41].
Briefly, bone kinematics were interpolated at each motion
segment at every 1% increment of L1-S1 F/E (or LB), with peak
L1-S1 extension (or right bending) corresponding to 0% and
100% of the motion, and peak L1-S1 flexion (or left bending)
corresponding to 50% of the motion. The amount of motion at
each motion segment (L1-L2, L2-L3, etc.) divided by the total
L1-S1 motion over each 1% interval of motion was calculated
to represent the contribution of each motion segment to over-
all lumbar motion (Figure 3). Segmental contributions were
averaged across corresponding 1% intervals of motion for all
corresponding trials of each participant. Group means and
95% confidence intervals were calculated at each 1% incre-
ment of L1-S1 motion.

The anterior—-posterior slip per degree of flexion (SPDF) was
evaluated only for the F/E motion. For this calculation, slip at

each motion segment was measured as the distance between
the anatomic landmark placed on the posterior center of the
inferior endplate of the superior vertebra and the landmark
placed on the posterior center of the superior endplate of the
inferior vertebra for each motion segment in the anterior-
posterior direction of the inferior vertebra [7]. This replicates
the “anterior-posterior slip” measurement typically obtained
clinically on static sagittal F/E radiographs [38]. Anterior-
posterior slip was plotted against flexion angle for each mo-
tion segment for each F/E movement trial. Data for each F/E
motion trial were interpolated at 1° increments of flexion,
then averaged across motion trials. The group average SPDF
was then calculated for each motion segment at 1° increments
of intervertebral flexion. Means and standard deviations were
calculated for the entire group, as well as for men, women, in-
dividuals less than 60years of age, and individuals 60 or more
years of age.

Trial-to-trial repeatability was calculated by interpolating in-
tervertebral kinematics at each 1° increment of L1-S1 motion,
then finding the standard deviation across trials at each 1° in-
crement. The standard deviations were then averaged across
the entire L1-S1 ROM to calculate the repeatability for each
participant. These repeatability values for each participant
were averaged for the entire group, as well as for men, women,
individuals less than 60years of age, and individuals 60 or
more years of age.

Normality was assessed by examining histograms and comput-
ing the Shapiro-Wilk test [42] on all group-level data. If the data
were normally distributed (or approximately normal), means
and standard deviations were used to characterize the sample.
If the data were non-normal, medians and inter-quartile ranges
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FIGURE4 | Lumbar spine intervertebral F/E ROM during the F/E motion. (A) Overall group mean ROM at each motion segment. Error bars rep-

resent +1 standard deviation. (B) Group means with the ROM at each motion segment for each study participant superimposed. Each dot represents

one study participant, with dashed lines connecting datapoints at successive motion segments. (C) Data from the six study participants who followed

the group average ROM pattern.

3.2 | Contributions to Motion

The group average data indicated that the L3-L4 and L4-L5
motion segments made their smallest contribution to lumbar
spine F/E when the torso was near the neutral position, and
they made their largest contribution to lumbar spine F/E when
the torso was near peak flexion (Figure 6). In contrast, the
L1-L2 and L5-S1 motion segments made their largest contribu-
tion to lumbar spine F/E when the torso was near the neutral
position (Figure 6). The L1-L2 contribution to lumbar spine
motion was smallest near peak flexion; however, the L5-S1
motion segment contribution to lumbar spine motion was
moderate when the torso was near peak flexion (Figure 6).
On average, the L2-L3 motion segment contribution to lumbar
spine F/E was steady from the neutral position through the
midrange of motion, and less when the torso was near peak
flexion (Figure 6).

The group average data indicated that the L1-L2 and L2-L3 mo-
tion segment contributions to lumbar LB oscillated together
during the bending motion, reaching their maximum contribu-
tion near the upright neutral position and their minimum con-
tribution at peak left and right bending (Figure 7). The average
pattern of contribution from L4-L5 and L5-S1 mirrored the oscil-
lations of L1-L2 and L2-L3, with both motion segments reaching
their maximum contribution near the end range of bending and
their minimum contributions near the upright neutral position
(Figure 7). The average contribution of the L3-L4 motion seg-
ment remained nearly constant throughout bending (Figure 7).

3.3 | Vertebral Slip per Degree of Flexion (SPDF)
During F/E

The average amount of SPDF was similar in the L1-L2, L2-
L3, and L3-L4 motion segments (Table 4). The SPDF at L4-
L5 was less than the more cranial motion segments, while on
average, there was little change in L5-S1 SPDF over the range
of flexion. Additionally, the among-subject variability in L5-
S1 SPDF was two to three times higher than in other motion
segments. SPDF was similar in men and women in the L1-L2,

L2-L3 and L3-L4 motion segments, however, men generally
demonstrated more SPDF than women at L4-L5 when flex-
ion was 10° or more. At L5-S1, women tended to demonstrate
more posterior translation than men when in extension, while
men demonstrated more posterior translation than women at
higher amounts of flexion. The effects of age on SPDF became
more apparent at higher amounts of intervertebral flexion and
extension at L3-L4, L4-L5, and L5-S1, with more SPDF in in-
dividuals over 60years of age compared to individuals under
60years of age (Table 4).

3.4 | Trial-to-Trial Repeatability

The average within-subject standard deviation in intervertebral
F/E at corresponding angles of L1-S1F/E ranged from 0.4° to
0.7°. The average within-subject standard deviation in interver-
tebral LB at corresponding angles of L1-S1 LB ranged from 0.3°
to 0.6° (Table 5). Repeatability was consistent between men and
women and between younger and older individuals.

4 | Discussion

The purpose of this study was to provide a quantitative descrip-
tion of intervertebral motion in the lumbar spine during F/E
and LB in individuals with cLBP. The intervertebral F/E ROM
in our cohort of individuals with cLBP was within 0.5° of the
ROM values previously reported in 127 asymptomatic controls
[41] at L2-L3 (9.5°), L3-4 (10.6°) and L4-L5 (10.4°); however, the
previously reported ROM at L5-S1 was only 5.7° in comparison
to 8.9° in the current study. Dvorak reported intervertebral F/E
ROM values in 41 healthy adults that are greater than our re-
ported values at every motion segment [43]: L1-L2: 11.9°, L2-L3:
14.5°, L3-L4: 15.3°% L4-L5: 18.2° L5-S1: 17.0°. These differences
are likely due to their F/E protocol in which additional range
of motion was achieved by an examiner applying flexing or ex-
tending force on the subjects’ shoulders at full flexion and ex-
tension. In a group of 94 individuals with back pain and normal
intervertebral discs, Lee et al. reported F/E ROM results similar
to ours at L1-L2: 7°, L2-L3: 9.2°, and L3-L4: 9.5°, but somewhat
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less than ours at L4-L5: 9.3° and L5-S1: 6.3°. They also reported
E o no differences in intervertebral ROM between their back pain
é _Cg 3 '_T_| Iy _|c_’| group and 168 individuals with disc degeneration at L4-L5 and/
gloonoe 5o or L5-S1 [44]. Finally, Staub et al. reported intervertebral rota-
7 = tion ROM values during seated flexion and extension in 94 non-
" degenerated spines that were 3° to 4° greater at every motion
- - % segment than those found in our study [45]. Representative val-
< ':I :I ‘_I‘_‘I :I ‘_I‘_‘l ues of F/E ROM, based on a comprehensive summary of in vivo
a : : o o~ - and in vitro testing, have been reported as follows: L1-L2: 12°,
L2-L3:14° L3-L4:15° L4-L5: 16°, L5-S1: 17° [5, 46]. Differences
between these values, which were based largely on in vitro data,
- and our values may be due to differences in loading conditions,
g|lo oo - pain, and limits placed on end-range flexion in our study.
Elv 7 ¥ ¥ o+
> N N < 0 . . . . .
A I Any discrepancies among these studies reporting intervertebral
A rotation ROM should carefully consider the impact of differ-
j ences in data collection, measurement techniques, cohort demo-
| a s o graphics, and participant symptoms. In particular, the overall
< 1" :fl ;’_‘I <+f| C-I?I trunk motion is likely to affect not only the total F/E ROM at
a o @ ® ;n A each motion segment, but also the proportion of total lumbar
motion that occurs at each motion segment. As shown in this
study, the caudal motion segments contribute more to lumbar
~ motion as the trunk flexes (Figure 6), so it is not surprising that
g St T B studies that allowed (or induced) greater overall trunk flexion
é H H H O H (e.g., Dvorak et al.) [43] report disproportionately greater motion
5 = :: I in the L4-L5 and L5-S1 motion segments compared to studies
) that limited trunk flexion. Finally, these studies and others
o | [47] that included relatively large cohorts of healthy controls or
;5 — - o symptomatic patients noted the high among-subject variability
_ag» @ :fl ?-I < fll_'l <+r| in intervertebral F/E ROM. This makes it unlikely that the sin-
s 5 < o [t' S o gle measure of intervertebral F/E ROM can serve as a reliable
g © ~ = metric to identify abnormal lumbar spine kinematics.
g
§ As for anterior-posterior translation ROM during F/E, Staub
2 ’é‘ o n E et al. reported the intervertebral translation ROM increased
'% g '-I_:I :I ‘_I‘_‘I '_I'_‘I '_I‘_‘I % in each successive motion segment from L1-L2 (1.87mm) to
E ; e @ < o @ 5 L4-L5 (2.75mm) and was smallest at L5-S1 (0.52mm) [45]. It
a |- § is important to note that they measured translation from the
§ i % inferior-posterior corner of the superior vertebra to the superior-
g |- é posterior corner of the inferior vertebra on sagittal radiographs
g o g 3 o 3 o T (similar to our slip measurements), unlike the current study that
§ ; H o+ H [t' H|E reported translation of the center of the superior vertebral body
5 [ e N S N ::; relative to the center of the inferior vertebral body.
k) g
;E, § g We are aware of only three previous studies that reported the
ﬁ _ T‘E k= intervertebral ROM of the lumbar spine during LB [27, 43, 48].
5 S SRR B 2 ~| 58 Pearcy et al. reported mean segmental ROM of 10°, 11°, 10°, 6°,
2 S|H oH H oW HISe and 3° at L1-L2, L2-L3, L3-L4, L4-L5, and L5-S1, respectively,
g 5 e e g%ﬂ in 10 healthy young adult men [48]. Dvorak et al. reported
é S 7 3 mean segmental range of motion of 10.2°, 12.4°, 12.4°, 9.5°, and
5|3 2 % 5.1° at L1-L2, L2-L3, L3-L4, L4-L5, and L5-S1, respectively, in
= o E & 41 healthy adults [43]. Both of those studies manually marked
—% < (-:I r-l?l (-I\-ll :_1 ‘_I'_‘l E g vertebral landmarks on static end range of motion biplanar ra-
5 5 ® =0 o g < g = diographs. Lietal. used a 3D to 2D registration technique to mea-
Z © 2 = 5 sure LB ROM of 2.9° at L2-L3, 3.4° at L3-L4, and 4.7° at L4-L5 in
k| gﬁ 11 asymptomatic older adults [27]. Pearcy et al. and Dvorak et al.
. § é reported ROM similar to those recorded in our study, in terms
< © § § é E of the amount of motion at each motion segment and which mo-
M = Té e 22 g ‘é tion segments experienced more or less motion during LB. The
M 2 3 & v o8 results of Li et al. are contrary to other reports, with ROM val-
< E = =2 V AN|ES . s
= z < ues much less overall and greatest in the more caudal motion
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TABLE 3B | Coupled intervertebral axial rotation range of motion during lateral bending.
L1-L2 L2-L3 L3-L4 L4-L5 L5-S1
AR (°) AR (°) AR (°) AR (°) AR (°)
Total 2.5+1.7 23+1.6 19+1.1 2.2+1.0 21+1.2
Female 2.5+2.1 24+19 1.9+1.0 2.2+1.0 2.0+1.1
Male 24+1.2 20x+1.0 19+1.1 22+11 22+14
<60years 2.1+09 20+1.1 1.7+0.9 2.1+£0.8 22+1.2
>60years 3.2+24 2.8+2.1 22+1.2 24+14 19+1.0
Note: Units are degrees (°). Mean values + one standard deviation are presented.
Abbreviation: AR =axial rotation.
A Group ROM B Individual ROM c Selected Individuals
2571 25 257
oo} 20 oo}
= = =
o ] o]
X5t X 15 15t
o © o
e} e} i)
210t 10 210t
9] 9 9
5 l 5 5
€ 57 €5 € 57
‘ : 0
L1-L2 L2-L3 L3-L4 L4-L5 L5-S1 L1-L2 L2-L3 L3-L4 L4-L5 L5-S1 L1-L2 L2-L3 L3-L4 L4-L5 L5-S1
FIGURE S5 | Lumbar spine intervertebral LB ROM during the LB motion. (A) Overall group mean ROM at each motion segment. Error bars rep-

resent +1 standard deviation. (B) Group means with the ROM at each motion segment for each study participant. Each dot represents one study par-
ticipant, with dashed lines connecting datapoints at successive motion segments. (C) Data from the nine study participants who followed the group

average ROM pattern.

FIGURE 6 | Intervertebral contributions to lumbar spine F/E. The vertical axis indicates the percent contribution to overall lumbar spine (L1-S1)
motion of each intervertebral motion segment, while the horizontal axis indicates the percent of the movement cycle, with lumbar flexion occurring
from 0% to 50% and lumbar extension occurring from 50% to 100%. Group mean values are shown by bold lines, with 95% confidence intervals shown
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FIGURE7 |

Intervertebral contributions to lumbar spine LB. The vertical axis indicates the percent contribution to overall lumbar spine (L1-S1)

motion of each intervertebral motion segment, while the horizontal axis indicates the percent of the movement cycle, with bending from right to left

occurring from 0% to 50% and bending from left to right occurring from 50% to 100%. Group mean values are shown by bold lines, with 95% confi-

dence intervals shown by shaded areas with corresponding colors.

segment. These discrepancies may be due to differences in the
way the movement was performed (hands on head) and the lim-
ited trunk flexion allowed during imaging. A common finding
of all previous studies and the present study is wide variation
among participants in intervertebral ROM during trunk LB.
Representative values of intervertebral ROM during LB, based
primarily on in vitro testing, are as follows: L1-L2: 12°, L2-L3:
12°, L3-L4: 16°, L4-L5: 12°, L5-S1: 6° [3, 46]. Again, differences
between these values, which were based largely on in vitro data,
and in vivo data may be partly attributed to different loading
conditions and the effects of pain on movement.

The variability in group mean ROM and the number of partici-
pants that follow the group mean pattern of ROM is highlighted
in this work to provide much-needed data on the inter-subject
variability in intervertebral ROM of the lumbar spine. The rel-
atively small sample sizes of many previous studies, especially
those focused on LB, made it difficult to appreciate the inter-
subject variability. However, previous large studies of asymp-
tomatic volunteers [41, 45] reported generally less variability in
intervertebral ROM during FE at L1-L2 through L4-L5 (between
2.6° and 3.9°), but higher variability at L5-S1 (approximately
5.5°) compared to the present study of individuals with cLBP.
Unfortunately, those studies did not report how many controls
followed the group mean pattern of highest to lowest interver-
tebral ROM in the lumbar spine. Variations in ROM could be

key to differentiating among individuals to improve identifica-
tion of aberrant motion patterns and guide treatment pathways
to address excessive stiffness or instability in specific motion
segments. Additionally, some researchers impose group mean
intervertebral kinematics on their computer models to estimate
muscle forces or intervertebral disc stress for a specific individ-
ual [43, 49]. This study demonstrates that few individuals follow
the group mean pattern in terms of quantity of intervertebral
motion. It is likely that estimates of muscle forces and tissue
stresses can be improved by accounting for subject-specific in-
tervertebral kinematics.

Given the high among-subject variability in ROM, other metrics,
such as the contribution of each motion segment to overall lum-
bar motion, have been proposed to classify patients into groups
or to identify aberrant lumbar motion. Two previous studies
examined the intervertebral contributions to F/E in asymptom-
atic (non-LBP) individuals using continuous motion analyses
[41, 50]. First, it is somewhat difficult to directly compare our
results to Breen et al. because that study did not compute any
contribution from the L1-L2 motion segment to lumbar motion.
In general, Breen et al. found the L2-L3 motion segment contrib-
uted most when the body was near the upright neutral position
and the L2-L3 contribution was less near peak flexion (similar to
the present study); the L3-L4 motion segment contribution was
relatively consistent throughout flexion and extension (contrary
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TABLE 5 | Trial-to-trial repeatability in intervertebral sagittal plane rotation during flexion/extension (F/E) and coronal plane rotation during

lateral bending (LB).
L1/L2 L2/L3 L3/L4 L4/L5 L5/S1

F/E (°) LB (°) F/E (°) LB (°) F/E (°) LB (°) F/E (°) LB (°) F/E (°) LB (°)
Total 0.5+0.5 0.5+0.5 04x03 04%£03 04£03 03+£02 0.6+£05 04+03 0.6+0.5 0.3+0.3
Female 0.6+0.5 0.6*+0.6 04%+03 04*+03 04+03 03+01 06+06 04+03 07+06 03%+0.3
Male 0.5+0.6 0.5+03 04+03 03+03 03+03 03+03 05+05 05+03 05+04 03=%x0.2
<60years 0.6+0.5 0503 05+x03 03+£02 04+£03 03x01 0.6=x05 0503 07x05 04£0.2
>60years 0.5+06 0.5+0.7 0.3+03 04%+0.5 04%x03 03+03 05+05 03+£02 0.6+06 03%0.3

Note: Mean values + one standard deviation are presented.

to the present study finding of less L3-L4 contribution near the
neutral position and more L3-L4 contribution near peak trunk
flexion); the L4-L5 contributions were greatest near full flexion
(similar to the present study); and L5-S1 contributions also were
greatest near full flexion (contrary to the present study where
L5-S1 contributions were greatest near the upright neutral po-
sition). The most striking difference between the intervertebral
contributions to motion reported in this study and those re-
ported in the Breen study is that, in the current study, the con-
tribution patterns during flexion are reversed during extension,
suggesting motion segment contributions to lumbar spine F/E
are dependent upon the angle of trunk flexion, not the direc-
tion of movement. In the Breen study, the contributions during
extension were not a mirror of the pattern during flexion, and
the motion segments that made the largest contributions during
flexion (L2-L3 and L3-L4) made smaller contributions than L4-
L5 during extension. A second study, by Wong et al., reported
intervertebral flexion angles at 5° increments of L1-S1 lumbar
flexion, up to 40° of total lumbar spine flexion [50]. Their results
are contrary to the present study and to Breen et al. [41], and ap-
pear to show that each motion segment’s contribution to motion
was constant throughout flexion, with the contribution due to
L1/L2 always the largest and the contribution to L5/S1 always
the smallest. Differences between our study and these results
may be attributable to differences in patient demographics and
symptoms, the ways in which participant motion was restricted,
and the accuracy of the measurement systems.

The most interesting findings related to intervertebral contribu-
tions to LB were that the contributions from L1-L2 and L2-L3 os-
cillate in unison, reaching maximums near the neutral position
and minimums near the end range positions, while the caudal L4-
L5 and L5-S1 motion segments also oscillate in unison, achieving
maximum contributions near the end range of LB and minimum
contributions near the neutral position. This contrasts with the
F/E motion, where the L3-L4 and L4-L5 motion segment contri-
butions oscillate in unison and the upper L1-L2 and lower L5-S1
motion segment contributions oscillate in unison. These results
suggest the coupling of motion between motion segments during
F/E differs from the coupling that occurs during LB. To the best of
our knowledge, no previous studies measured the intervertebral
contributions to LB using continuous motion analysis. There re-
mains a need to characterize intervertebral contributions to lum-
bar LB motion in asymptomatic adults so that aberrant motion
may be more easily identified in individuals with cLBP.

Intervertebral SPDF has been proposed as a metric for diag-
nosing lumbar instability and for guiding surgical decisions
(decompression alone or decompression plus fusion) for pa-
tients with degenerative spondylolisthesis [29]. Based on group
average translations and F/E from static end ROM F/E radio-
graphs, Staub et al. reported the SPDF was 0.17mm/° at L1-L2,
0.19mm/° at L2-L3, 0.21mm/°® at L3-L4, 0.19mm/° at L4-L5,
and 0.04 mm/° at L5-S1 in 94 non-degenerated motion segments
[45]. Additionally, Weiler et al. reported that the translation-to-
flexion ratio was significantly higher in patients with degenera-
tive disc disease, but not in those with idiopathic LBP, compared
to asymptomatic individuals [31]. Together, these findings sug-
gest that the SPDF is relatively consistent among motion seg-
ments from L1-L2 through L4-L5, but the magnitude is much
less at L5-S1, and SPDF may be a useful metric for discriminat-
ing between patients with degenerative disc disease and healthy
controls. Contrary to those previous studies, we chose to cal-
culate SPDF at 1° increments of intervertebral F/E because we
had access to continuous kinematics (not just end-range) data
and because the maximum ROM at each motion segment differs
among individuals, which will affect the SPDF if the relation-
ship between slip and flexion is non-linear. Our results agree
with the previous studies showing the SPDF is similar in the
L1-L2, L2-L3, and L3-L4 motion segments and much lower in
L5-S1; however, in contrast to previous studies, we found the
SPDF at L4-L5 is generally less than in the more cranial motion
segments. Although previous studies suggest this measurement
may have the potential to change the surgical approach for pa-
tients with degenerative spondylolisthesis [29], more data are
needed to determine if this measurement has predictive value
for treatment outcomes. Our data suggest that sex may not affect
SPDF; however, SPDF at the L3-L4 and L4-L5 motion segments
may increase with age.

There is inherent variation in human movement, even within
the same individual performing the same task multiple times
[51, 52]. Variability in movement may be clinically important
because overly rigid movements or unstable movements may
overload joint tissues and lead to joint degeneration [32]. Several
studies have reported spinal movement variability using con-
ventional motion capture [51], and one study showed neuro-
muscular training may modify spinal movement variability [53].
However, we are only aware of one study where intervertebral
kinematics repeatability was calculated from radiographic im-
aging [34]. In that study, lumbar spine kinematics repeatability
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over 10 repetitions of F/E or LB ranged from 0.3° to 0.8°, which
is similar to the average repeatability of 0.7° or less at all motion
segments measured in this study. However, in this study, the
standard deviation of the mean values was often as large as the
group average value, indicating variation among participants. It
is important to remember that this study was performed in a
controlled laboratory and therefore the results likely represent
optimal conditions for minimizing movement variability.

Prior studies have found varying degrees of association between
spine movement and pain or disability. A systematic review by
Nzamba et al. [9] has shown that there is a significant but small
association between the amplitude of movement and disability
or pain intensity. They showed a direct association between an
increase in amplitude of movement and a decrease in pain in-
tensity or disability, supporting interventions aiming to reduce
protective spinal movements in patients with low back pain.
Wernli et al. [8] conducted a systematic review of the volitional
spine movement and changes in pain or activity limitation at the
individual level in patients with cLBP and found that there was
low-quality evidence of a relationship between change in move-
ment and change in pain or activity limitation at the individual
level 31% of the time. However, increases in spinal range of mo-
tion, velocity, and flexion relaxation of the back extensors were
consistently related to improved pain or activity limitation. Such
inconsistencies in clinical observation may stem from hetero-
geneous movement strategies among cLBP patients who adopt
individualized motion patterns, making group-level analyses
unreliable without segmental analyses [18].

This study comprehensively characterized dynamic lumbar
spine kinematics during active F/E and LB under physiologic
loading in individuals with cLBP. The primary findings were
that only a small percentage of individuals follow the group
mean pattern for largest to smallest intervertebral ROM
during F/E and LB. Lumbar F/E is dominated by the L1-L2
and L5-S1 motion segments near the upright neutral posi-
tion, while motion at the L3-L4 and L4-L5 motion segments
dominates near peak flexion. In contrast, the L1-L2 and L2-
L3 motion segments are the primary contributors to lateral
bending for most of the movement; however, the L4-L5 and
L5-S1 motion segments make their maximum contributions
near the end range of bending. SPDF was similar in the L1-
L2, L2-L3, and L3-L4 motion segments, but less in the L4-
L5 motion segment. L5-S1 SPDF was characterized by high
variability among individuals in comparison to other motion
segments. The effects of age on SPDF at L3-L4, L4-L5, and L5-
S1 became more apparent at higher amounts of intervertebral
flexion and extension. Intervertebral kinematics during F/E
and LB were very repeatable in this cohort and under the spec-
ified testing conditions. Additional research is needed to iden-
tify the kinematics characteristics that differentiate between
healthy asymptomatic individuals and patients with cLBP so
that mechanistic links between kinematics and cLBP can be
identified. Additionally, research is needed to identify which
kinematics characteristics can be used to assign cLBP patients
into subgroups of patients who are most likely to respond to
specific treatment approaches (e.g., a stabilization program).
Finally, due to the time, cost, limited availability, and radi-
ation exposure associated with the current state of the art in
DBR, there is a need to identify low-cost and widely available

tests, such as functional exams or conventional static imaging,
that correlate with the dynamic intervertebral kinematics that
are associated with cLBP.

This study was a part of a larger study focusing on character-
izing chronic low back patients. As part of the biomechanical
domain of the study, this analysis focused exclusively on char-
acterizing intervertebral kinematics. As such, one limitation of
this study is that we did not yet explore the effects of disc degen-
eration, bony osteophytes, and pain severity on intervertebral
kinematics. Similarly, this study is limited to the kinematics of
individuals who reported cLBP, and similar kinematics for as-
ymptomatic individuals are not available for all of the kinematic
outcomes reported, especially during the lateral bending move-
ment. Future studies will aim to explore differences between
asymptomatic controls and individuals with cLBP, as well as
associations between biomechanical, biological, and behavioral
data collected in other domains in an effort to provide a compre-
hensive phenotyping of individuals with chronic low back pain.
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