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Segmental apportionment of lumbar (L2–S1) rotation is a critical input parameter for musculoskeletal
models and a candidate metric for clinical assessment of spinal health, but such data are sparse. This
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paper aims to quantify the time-variant and load-dependent characteristics of intervertebral contribu-
tions to L2–S1 extension during a dynamic lifting task. Eleven healthy participants lifted multiple
weights (4.5, 9.1, and 13.6 kg) from a trunk-flexed to an upright position while being imaged by a
dynamic stereo X-ray system at 30 frames/s. Vertebral (L2–S1) motion was tracked using a previously
validated volumetric model-based tracking method that employs 3D bone models reconstructed from
subject-specific CT images to obtain high-accuracy (r0.26°, 0.2 mm) 3D vertebral kinematics. Individual
intervertebral motions as percentages of the total L2–S1 extensionwere computed at each % increment of
the motion to show the segmental apportionment. Results showed L3–L4 (25.872.2%) and L4–L5
(3173.1%) together contributed a larger share (∼60% combined) compared to L2–L3 (21.773.7%) and
L5–S1 (22.674.7%); L4–L5 consistently provided the largest contribution of the measured segments.
Relative changes over time in L3–L4 (6712.5%) and L4–L5 (0.5710.2%) contribution were minimal; in
contrast, L2–L3 (18720.1%) contribution increased while L5–S1 (�33722.9%) contribution decreased in
a somewhat complementary fashion as motion progressed. No significant effect of the magnitude of load
lifted on individual segmental contribution patterns was detected. The current study updated the
knowledge regarding apportionment of lumbar (L2–S1) motion among individual segments, serving both
as input into musculoskeletal models and as potential biomechanical markers of low back disorders.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

A clear understanding of lumbar biomechanics has implications on
both the treatment and prevention of low back disorders (LBD). From
a clinical perspective, treatment of chronic LBD aims to restore normal
functional motion, in addition to the more subjective goal of mitigat-
ing pain symptoms. From a prevention perspective, recognition and
control of biomechanical risk factors require a thorough understanding
of force and stress distributions within the spine during functional
tasks. In both cases, an accurate description of dynamic, three-
dimensional (3D) vertebral kinematics is necessary (Waters et al.,
1993). This is because (a) normal functional motion benchmarks are
mainly based on kinematic measures, and (b) given the infeasibility of
al Engineering and Materials
Pittsburgh, PA 15261, USA.
direct measurement, in vivo forces experienced by lumbar tissue
structures are estimated from biomechanical models (Cholewicki et al.,
1991; de Zee et al., 2007; Han et al., 2012; Senteler et al., 2015; Stokes
and Gardner-Morse, 1995; Waters et al., 1993; Zhu et al., 2013), the
process of which is highly sensitive to the quality of kinematic input.

Segmental range of (rotational) motion (ROM) determined from
static, lateral radiographs of end-range flexion–extension positions has
traditionally been the primary kinematic parameter used in clinical
diagnoses—although its efficacy in distinguishing between patients
with disorders and asymptomatic ones has been questioned (Elling-
son et al., 2013; Lehman, 2004)—and in assessing the success of
treatment procedures, particularly those requiring surgical interven-
tion. While ROM is an important, yet simple metric for assessing
lumbar joint function, it is, by itself, inadequate for characterizing
lumbar motion. For example, the contribution to overall lumbar
rotationmay differ between individual segments (Ahmadi et al., 2009;
Panjabi et al., 1994; Pearcy et al., 1984; Wong et al., 2004) and, more
importantly, ROM-based kinematic evaluations may not appropriately
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1 Limiting backward pelvic motion while bending forward from an erect
position could result in a tendency to fall forward. In order to avoid this, partici-
pants were asked to position themselves for the task with their feet slightly for-
ward. Participants were then encouraged to align their feet as closely with the hips
as possible in the sagittal plane without feeling they would fall over if they bent
forward. Hence participants were almost, but not completely erect when they
attained the final “upright” position at the end of the lifting task.
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represent differences in mid-range rotational characteristics (Anderst
et al., 2008; Teyhen et al., 2007) between healthy and pathologically-
or surgically-altered spines. Secondly, accurate data regarding the
apportionment of lumbar rotation, particularly during functional, daily
living activities, are a critical input for musculoskeletal biomechanical
models. Musculoskeletal models (Christophy et al., 2012; de Zee et al.,
2007; Han et al., 2012; Senteler et al., 2014) often define segmental
kinematics based on constant fractions of overall lumbar motion.
Given this context, quantifying the apportionment of lumbar rotation
across its individual segments and clarifying its time-variant and load-
dependent characteristics could have a direct positive impact on the
accuracy of model predictions, while also potentially leading to
improved biomechanical markers of pathological conditions.

Several studies have attempted to quantify segmental contribu-
tions to overall lumbar rotation. These include in vitro cadaveric stu-
dies (Goel et al., 1985; Miller et al., 1986; Schultz et al., 1979; Soni et al.,
1982; Tencer et al., 1982), in vivo studies based on 2D lateral radio-
graphs or static biplane radiography (Li et al., 2009; Passias et al.,
2011; Pearcy et al., 1984; Plamondon et al., 1988), surface marker-
based studies (Troke et al., 2001; Zhang and Xiong, 2003), uniplanar
continuous radiography (Ahmadi et al., 2009; Harada et al., 2000;
Kanayama et al., 1995; Okawa et al., 1998; Wong et al., 2004; Wong
et al., 2006), and, more recently, dynamic biplane radiography
(Aiyangar et al., 2014; Anderst et al., 2008; Wu et al., 2014). These
studies have collectively and progressively improved our under-
standing of lumbar spinal motion. However, reported results regarding
segmental contribution patterns have been inconsistent. Some studies
have reported an increased contribution from caudal segments (L4–5,
L5–S1) compared to the cephalic segments (Panjabi et al., 1994; Pearcy
et al., 1984), others have reported a progressively decreasing con-
tribution from cephalic to caudal segments (Li et al., 2009;Wong et al.,
2004; Wong et al., 2006), while still others failed to detect significant
differences in contributions (Aiyangar et al., 2014; Goel et al., 1985;
Schultz et al., 1979; Tencer et al., 1982; Wu et al., 2014). Differences in
experimental protocols do not completely account for these variations
as the inconsistency persists even between studies using similar
techniques. For example, while Pearcy et al. (1984) and Plamondon
et al. (1988) reported an increased contribution from caudal segments
compared to cephalic segments from their static biplane X-ray ima-
ging studies, Li et al. (2009) observed the opposite using comparable
methods. Harada et al. (2000), using continuous X-ray imaging studies
where the pelvis was restrained, reported a phase lag between seg-
ments while Wu et al. (2014) and Teyhen et al. (2005) reported
simultaneous contributions. Comparing studies that eschewed explicit
pelvic restraints, Wong et al. (2004) reported a progressively
decreasing contribution from L1–2 to L5–S1, but these results were
not replicated in a study by Ahmadi et al. (2009). As a result, how total
lumbar rotation is apportioned across its individual segments
throughout a movement remains unresolved.

Therefore, the purpose of the current study was to map the con-
tinuous segmental percent contributions to lumbar extension motion
during load lifting—a common functional activity— and seek answers
to the following questions: (1) Do some segments bear a larger share
of lumbar rotation compared to others? (2) Does this contribution
remain constant over the entire range of motion, or does it vary from
beginning to end? (3) Does the amount of external load borne during
a particular task affect the distribution of lumbar rotation across its
segments?

Note: Due to limitations in the dimensions of the experimental
setup, only vertebrae from L2–S1 were observed in this study.
Hence readers are informed that the term “lumbar” henceforth
refers only to “L2–S1” and does not include T12–L1 and L1–L2
joint information.
2. Methods

With institutional review board (IRB) approval, 14 healthy participants (eight
male, six female) between the ages of 19 and 30, and a waist size no greater than
89 cm (35 in.) (Table 1) were recruited for the study. Participants reported no prior
history of LBD. The quantified risks of the study including radiation exposure were
explained to each participant, and each participant read and signed an IRB-
approved informed consent document prior to participating in the study. Partici-
pants' lumbar regions were imaged by a dynamic stereo X-ray (DSX) system while
they performed multiple lifting trials. The details regarding the lifting protocol,
apparatus, imaging and data acquisition techniques have been delineated in a
previous publication (Aiyangar et al., 2014). What follows is a brief summary along
with additional details regarding aspects of the current study not already covered
in the previous publication.

2.1. Lifting task

Starting from a trunk-flexed (∼75° flexion) position, participants lifted an object of
known weight (three weight levels: 4.5 kg, 9.1 kg and 13.6 kg) up to a final, upright
position in a sagittally symmetric manner. The object was positioned at an approximate
height of 35 cm from the floor and about 30 cm away horizontally from the upright
body position. Minor adjustments on account of differences in participant's height were
made to the positioning of the object in order to control for the amount of sagittal trunk
ROM (∼75° flexion), while simultaneously ensuring, based on participants' own feed-
back, that the starting position posed no discomfort due to excessive flexion. Handles
were affixed onto the weight-bearing dowel perpendicular to its length and approxi-
mately shoulder width apart (38 cm). The initial flexed position was determined with a
goniometer, as the angle made at the hip by surface markers placed at the shoulder and
knee. Participants were instructed to complete the lift primarily with trunk extension
without knee bending (i.e. a back- or stoop-lift strategy). Two trials were performed per
weight level, each taking two seconds or less, resulting in a maximum of six trials per
participant. The tasks were not randomized; rather the weight levels were increased
progressively from lowest to the highest. Adequate rest was provided between each
trial, as requested by the participants.

2.2. Data acquisition

The DSX system simultaneously recorded dynamic X-ray images of the partici-
pants' lumbar spines in medial–lateral (ML) and anterior–posterior (AP) directions as
they performed lifting tasks (60 frames at 30 fps, pulsed exposure time¼4 ms/frame,
excitation voltage¼70–80 kV, current¼320–630 mA). Back-and-forth pelvic motion in
the sagittal plane was partially limited (but not completely eliminated) by instructing
participants to maintain light but constant contact between their pelves and a semi-
rigidly constructed Pelvic Rest.1 A few practice lifts were sufficient to train the parti-
cipants to adhere to this condition and no additional external feedback mechanism
was required. Barring the constraint of having to maintain contact with the Pelvic Rest
throughout the motion, the pelvis was otherwise unrestrained. A custom-built radia-
tion attenuator was used to minimize radiation whiteout effects (Aiyangar et al., 2014).
Following testing, high resolution computed tomography (CT) scans (voxel size¼
0.25 mm�0.25 mm�1.25 mm) of the participants' lumbar spines were obtained (GE
Light Speed Pro 16, GE Medical Systems, Waukesha, WI). Individual vertebrae were
segmented to create 3D bone models using Mimics 14.0 (Materialise Inc., Ann Arbor,
MI). The effective radiation dose from DSX recording of all the trials, determined using
PCXMC simulation software (STUK, Helsinki, Finland), was less than 3.6 mSv, while the
maximum estimated effective radiation dose from CT was less than 12.33 mSv.

2.3. Model-based tracking

A previously validated model-based tracking process was used to determine
instantaneous 3D vertebral position with sub-millimeter accuracy [precision r0.26°,
0.2 mm (Lee and Anderst, 2010)]. Detailed descriptions have been extensively published
elsewhere (Aiyangar et al., 2014; Anderst et al., 2008; Lee and Anderst, 2010). Briefly, a
virtual DSX system proportionally and configurationally identical to the experimental
setup generates digitally reconstructed radiographs (DRR) of the 3D CT-derived model
of a vertebra. The DRRs are registered to the experimental DSX images via a ray-tracing
algorithm in an iterative process that is largely automatic, with some manual refining.
The correlation is maximized using a volumetric image-matching algorithm to deter-
mine, frame-wise, the 3D pose of the vertebra. Repeating this process separately for



Table 1
Participants' anthropometric and age information presented as mean7SD values.

Volunteers Height (cm) Weight (kg) Waist size (cm) Age (years)

Male 17877 7879 8375 2472
Female 17076 6178 7379 2572
All 17578 71712 7978 2472
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each vertebra across 60 frames of data, the software then outputs 3D kinematics (three
rotations and three translations) of each bone.

2.4. Kinematic analysis

Anatomical coordinate systems (ACS) (Wu et al., 2002) were defined for each ver-
tebra by three mutually orthogonal axes—AP, ML, and superior–inferior (SI)—with the
origin at the center of the vertebral body, located as the average of eight digital markers
placed on the vertebral body of the bone models. Ordered body-fixed rotations and
translations were extracted from homogenous transformation matrices for each seg-
ment (L2–L3, L3–L4, L4–L5, and L5–S1) by relating frame-by-frame position of the
superior vertebral ACS relative to the inferior vertebral ACS. In order to standardize
representation of motion across participants, the starting, flexed overall lumbar (L2–S1
in this study) pose assumed for the lifting task was defined as 0%, while the static
upright position of each participant was taken as reference and defined as 100%. L2–S1
pose in the final recorded frame, i.e. at the end of the lifting task, however, may not have
matched the static upright L2–S1 pose. Hence, the normalized kinematics were further
corrected by multiplying the data with a weighting factor representing the fraction of
the “ideal” achievable amount of L2–S1 extension reached by participant during the
task, assuming the “ideal”, at 100%, was the static upright position. This step standar-
dized the abscissa for all study participants (0–100% of L2–S1 ROM). Rotation angles
were then interpolated to obtain segmental rotations for each percentage point incre-
ment of the L2–S1 ROM. Percent segmental contribution to the instantaneous lumbar
(L2–S1) extension was then computed at every percentage point increment of L2–S1
ROM.

2.5. Statistical analysis

Data from the initial few frames (o10% ROM) exhibited a much larger scatter
than in subsequent frames. Initial segmental angular displacements are small
(o0.5°) and close to the precision limit of the DSX system. Since we are reporting
relative contributions, even relatively small absolute errors introduce large relative
errors (e.g. 0.5° error¼100% relative error) beyond any inherent intra- and inter-
subject variability and exert an undue influence on the aggregated datasets. Sec-
ondly, participants' L2–S1 extension exceeded 90% of their upright static posture
only in about half the trials and most reached between 80% and 90% before ending
the lift. Hence, only data between 10% and 80% of total L2–S1 ROM has been
included in the following analysis.

Where two trials were successfully recorded per lifting task, they were aver-
aged into a single dataset to represent each participant's motion for that particular
task. Mean (μ) and 795% confidence interval (CI95) values across all participants
were computed at each percent increment of the L2–S1 ROM for each weight lifting
task.

Data across the three weight lifting tasks were then aggregated (collapsed
across task level) to present an averaged pattern of instantaneous segmental con-
tribution. Finally, the percent-wise data were further aggregated (collapsed across
time) into a single value x CI95( ¯ ± ) representing the motion-wide average con-
tribution for each segment. Statistical significance regarding the differences
between segments could be visually inspected based on the extent of overlap
between the 7CI95 bands: no overlap indicates differences in means are statisti-
cally significant.
3. Results

Data from three participants had substantial portions that were
non-trackable due to poor image quality and therefore were
excluded. Results from the remaining 11 participants (seven male,
four female) are organized according to the questions raised as
follows.

Do some segments bear a larger share of lumbar rotation com-
pared to others?

The ensemble dataset—continuous data collapsed across weights
lifted and time (Fig. 1)—showed the inner segments (L3–L4:
x CI 25.8 2.2%95¯ ± = ± ; L4–L5: x CI 31.0 3.1%95¯ ± = ± ) together
contributing a larger share of L2–S1 motion compared to L2–L3
( x CI 21.7 3.7%95¯ ± = ± ) and L5–S1 ( x CI 22.6 4.7%95¯ ± = ± ). L4–L5
was the largest contributor and was significantly greater than L2–L3
and L5–S1. L2–L3 and L5–S1 contributions were the smallest of the four
segments studied and appeared comparable on average. Segmental
extension ROMs observed in this study are presented in Table 2.

Does individual segmental contribution remain constant over the
entire range of motion, or does it vary from beginning to end?

Continuous curves of the uncollapsed data (Fig. 2a–c) delineate
the mean relative segmental contributions at each of the three
weight levels, 4.5, 9.1 and 13.6 kg respectively (color-coded bands
represent 7CI95), while the collapsed data show the contributions
combining the three weight levels (Fig. 2d). The same plots can be
re-arranged comparing the three weight levels in order to visually
clarify the influence of weight lifted on each intervertebral seg-
ment separately (Fig. 3).

Weight-specific data curves showed a pattern generally similar to
the ensemble data, but with some subtle deviations. While L4–L5
contribution was consistently the largest across the weight levels, it
was not always significantly greater than L5–S1 contributions
throughout the motion. Complete separation of L4–L5 and L5–S1 CI95
regions was only seen beyond 40% of the overall L2–S1 motion (Fig. 2).
L2–L3 contribution, however, appeared significantly lower than L4–L5
throughout themotion except for the highest weight task, where non-
overlapping CI95 regions only occurred beyond the 50% L2–S1 ROM
mark. Contributions from L3–L4 and L4–L5, on average, remained
largely unchanged during the motion (Figs. 2d, 3b and c, and 4). L5–S1
contribution exhibited a gradual decrease (�33.1722.9%) as motion
progressed (Figs. 2d, 3d, and 4), which was consistent across weight
levels. Except for the highest weight level, L2–L3 contribution
increased (18.0720.8%) in a somewhat complementary fashion
(Figs. 2d, 3a, and 4).

Does the amount of external weight borne during a particular task
affect the distribution of lumbar rotation across its segments?

No significant effect of the magnitude of load lifted on the
relative contribution of each segment was detected. The curves
representing the mean contributions at any given weight level
were encompassed within the 7CI95 bands of the other two levels
for the observed segments (Fig. 3).
4. Discussion

Past studies, largely, have not delved sufficiently into the potential
time and load dependency of individual segmental rotation. The aim
of the current study was to gain insight into how dynamic lumbar
rotation during functional motion is shared across the individual
segments and, more importantly, note the sensitivity of this appor-
tionment to the variation in external loading. A sagittally symmetric
lifting task was well suited to answer this question as it is considered a
common daily living activity or occupational task, which is also pur-
portedly associated with the risk of low back disorders.

Inner segments contributed a larger amount, with smaller con-
tributions from segments at both the cephalic and caudal ends.
Ahmadi et al.'s (2009) study appears to be the only other study in the
literature that has reported agreeable results. Although relative seg-
mental contributions were not directly discussed in that study, by
computing the relative segmental contributions from the reported
relevant segmental ranges of motion, we obtained percentages
(approximately 18%, 25%, 32% and 25% for L2–L3, L3–L4, L4–L5 and
L5–S1 respectively), and thus a contribution pattern, which was in
general agreement with the current study results.



Fig. 1. Mean segmental contributions to total L2–S1 extension obtained by col-
lapsing the continuous datasets across time and over the three load lifting trials.
Errors bars represent 795% confidence intervals. [*] indicates significant differ-
ences based on non-overlapping error bars.

Table 2
Maximum intervertebral extensions during the lifting task.

Intervertebral segment Extension range of motion (deg)

Mean 95% CI

L2–L3 9.9 1.5
L3–L4 10.7 1.4
L4–L5 12.1 2.0
L5–S1 9.6 2.1
L2–S1 43.6 4.4

Fig. 2. Apportionment of L2–S1 extension across individual segments shown for each w
levels. Due to large scatter in data from the first few frames CI95 bands for initial 10% L
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Recently published preliminary results by our group (Aiyangar
et al., 2014) reported a lack of significant differences between the
segmental contributions, although a consistently smaller con-
tribution from L5–S1 was noted. Those results were based on a
smaller subset—a single trial of the lowest weight lifting task
(4.5 kg) of six male participants. The current, full dataset included
almost twice the number of participants, with a majority of par-
ticipants completing two trials for each task (52 trials, 30 motion
datasets). The larger sample size appears to have sufficiently
improved the ability to discern some differences in the individual
segmental contributions, which could, at best, only be noticed as a
weak trend in the previous study. On the other hand, any apparent
incongruity between the results from the preliminary and full
datasets also points to the high inter-subject variability present
within the continuous contribution curves.

Since changes occurring within the lumber segments during
motion seem modest, the aggregated, ensemble dataset (Fig. 2)
appears to represent the overall apportionment of motion across the
individual segments reasonably well. However, looking at only the
aggregated dataset masks the subtler changes in the contribution of –
and possible interaction between – L5–S1 and L2–L3 joints. Secondly,
L5–S1 contribution was much larger at the more markedly flexed
positions of the flexion-to-upright lumbar ROM [∼75° gross initial
trunk flexion; corresponding initial L2–S1 flexion x CI95( ¯ ± )¼4474°],
with somewhat correspondingly smaller L2–L3 contribution. Changes
in relative segmental contributions were only observed within the first
half of the lumbar ROM. While the changing pattern of segmental
contributions over the motion seen in this study would definitely get
missed in static end-range ROM evaluations, it is plausible that this
feature might also go undetected in investigations of less extensive
lumbar ROMs. The larger contribution from L5–S1 near full flexion
eigh level: (a) 4.5 kg, (b) 9.1 kg, (c) 13.6 kg, and (d) mean across all three weight
2–S1 ROM have not been included.



Fig. 3. Effect of load lifted on segmental contribution to L2–S1 extension. Color-coded bands represent 795% confidence intervals. (a) L2–L3, (b) L3–L4, (c) L4–L5, and
(d) L5–S1. Due to large scatter in data from the first few frames CI95 bands for initial 10% L2–S1 ROM have not been included.

Fig. 4. Relative change over time in the percent contribution (100*(final� initial)/
final) from each segment to total L2–S1 extension over the entire lifting motion.
Error bars are 795% confidence intervals.
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appears to be in agreement with a recent study on lumbo-pelvic
rhythm (Tafazzol et al., 2014), which showed a dominant contribution
from the pelvis during the initial stages of lumbo-pelvic extension
motion, with the lumbar region's contribution catching up towards the
end. Alternatively, Harada et al. (2000) reported a phase lag between
segmental contributions wherein initial contribution begins at L5–S1
with subsequent involvement of the upper segments progressively.
Lee et al. (2002), however, have suggested that this “phase lag” could
actually have been an inability to measure the smaller initial rotations
in L3–L4 and L4–L5 compared to L5–S1, implying that Harada et al.'s
results should be interpreted as simultaneously occurring motionwith
larger contributions from L5–S1 at the beginning of an extension
motion. If true, this would further imply that, deploying a pelvic
restraint, as done by Harada et al. and others (Okawa et al., 1998;
Teyhen et al., 2007; Wu et al., 2014), might not significantly alter
lumbar motion profiles, although it obviously precludes an accounting
of the pelvic contribution, which, as Tafazzol et al. have shown, can be
significant. The flexed spine also experiences the largest compressive
forces compared to other postures (Anderson et al., 1986; Han et al.,
2012; Schultz et al., 1982; Senteler et al., 2015; Tafazzol et al., 2014;
Wilke et al., 1999). Overloading has particularly been shown to be a
prominent biomechanical risk factor for L5–S1 disk disorders (Waters
et al., 1993). The unique segment-wise motion distribution patterns
seen in the flexed positions are, then, likely a way to optimize spinal
loading, particularly at the L5–S1 level, as suggested by Tafazzol et al.
(2014).

Overall, the magnitude of weight lifted had a negligible effect on
the distribution of lumbar rotation across its segments. Some past
studies evaluating the effect of static external loads on lumbosacral
vertebral orientation found no significant effect of the load lifted on
vertebral orientation (Anderson et al., 1986; Lee and Chen, 2000). They
rationalized that the moment generated by the upper body weight
dominated those generated by the external loads. Lee and Chen
(2000), however, further found that a lordotic posture generated a
stronger effect of external load compared to a kyphotic posture. Since
the lifting technique employed in this study was essentially a stoop
lift, participants' lumbar spines were predominantly in a kyphotic
posture. While the lack of significant influence from external loading
on the segmental apportionment of lumbar extension appears to be
consistent with the static studies mentioned above, we plan to spe-
cifically investigate this topic in the near future by incorporating these
newly acquired kinematics into a rigid body musculoskeletal lumbar
spine model.
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We acknowledge the following limitations of the study. First,
we only included participants less than 30 years of age and waist
size no greater than 89 cm (35 in.) with a self-reported healthy
status of the spine, thereby potentially limiting broad applicability
of the conclusions. Second, although both male and female parti-
cipants were included in this study, sex differences were not
explicitly assessed, due to the fact that sample sizes were deemed
too small to obtain reasonable confidence in conclusions. This,
however, does not necessarily imply equivalent rotational patterns
between sexes. Third, while our data covered a fairly large range of
movement, total ROM (i.e. approaching flexibility limits) was not
evaluated. Consequently, we cannot conclusively state how con-
tributions would be affected at extreme flexion positions. Finally,
we did not assess spinal motion and the effects of external loading
during a forward flexion motion. Results from some past in vivo
studies (Ahmadi et al., 2009; Harada et al., 2000; Tafazzol et al.,
2014) seem to imply that sagittal motion profiles are possibly path
independent and joints might assume similar poses at the same
“instant” of ROM during flexion and extension. Nevertheless, not
explicitly recording motion during forward flexion, in addition to
extension, limits the ability to generalize or extrapolate the kine-
matic data gathered to model the forward flexion movement of
the spine, particularly with respect to understanding the effect of
external loading.
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