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Understanding changes in lumbar spine (LS) angles and intervertebral disc (IVD) behavior in end-range
positions in healthy subjects can provide a basis for developing more specific LS models and comparing
people with spine pathology. The purposes of this study are to quantify 3D LS angles and changes in IVD
characteristics with end-range positions in 3 planes of motion using upright MRI in healthy people, and to

Keywords: ) determine which intervertebral segments contribute most in each plane of movement. Thirteen people
I];”mbar spine (average age = 24.4 years, range 18-51 years; 9 females; BMI = 22.4 + 1.8 kg/m?) with no history of low
1<?§$§ncs back pain were scanned in an upright MRI in standing, sitting flexion, sitting axial rotation (left, right),

prone on elbows, prone extension, and standing lateral bending (left, right). Global and local interverte-
bral LS angles were measured. Anterior-posterior length of the IVD and location of the nucleus pulposus
was measured. For the sagittal plane, lower LS segments contribute most to change in position, and the
location of the nucleus pulposus migrated from a more posterior position in sitting flexion to a more
anterior position in end-range extension. For lateral bending, the upper LS contributes most to end-
range positions. Small degrees of intervertebral rotation (1-2°) across all levels were observed for axial
plane positions. There were no systematic changes in IVD characteristics for axial or coronal plane
positions.
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Panjabi et al., 1983; Panjabi and White III, 1990). However, it is dif-
ficult to apply these findings to the complex loading conditions in
the entire LS over the full range of normal human motion. There-
fore, there is interest in investigating whole LS biomechanics
in vivo.

1. Introduction

Low back pain (LBP) is one of the most common musculoskele-
tal complaints, affecting 70%-85% of the population in their life-
time (Andersson, 1999). Understanding the alignment and

movement of the lumbar spine (LS) in healthy people is important
to identify postural and kinematic changes associated with aging,
injury, and pathology. Additionally, estimates of both normal and
abnormal LS alignment and movement are necessary to inform
musculoskeletal models of the spine. Several investigators have
examined lumbar intervertebral biomechanics ex vivo at a single
motion segment (Gunzburg et al., 1991; Kettler et al., 2004;
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Noninvasive imaging has been used to measure 3D LS posture
and movement in vivo. The most common modalities include opti-
cal motion capture (Gombatto et al., 2007; Scholtes et al., 2009),
dual-fluoroscopy (Li et al., 2009; Wang et al., 2008; Wu et al.,
2014), and magnetic resonance imaging (MRI) (Madsen et al,,
2008; Simonetti and Masala, 2003). The main advantage to optical
motion capture is high temporal resolution, however, measure-
ments are limited to surface markers on the skin and may not
directly reflect underlying bony alignment or movement (Li et al.,
2009; MacWilliams et al., 2014; Wang et al., 2008; Yang et al.,
2008). Dual-fluoroscopy affords high-temporal resolution and has
been used to measure motion of the spine in end-range positions
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in 3D. However, this method utilizes ionizing radiation, cannot
simultaneously measure all levels of the LS due to the limited field
of view, and requires volumetric registration of the vertebrae -
measured with either CT or MRI - to 2D images, which is labor
intensive and computationally complex. Further, neither optical
motion capture nor dual-fluoroscopy allow for simultaneous cap-
ture of bony and soft tissue structures. Lumbar intervertebral disc
(IVD) health has been implicated in the development and persis-
tence of LBP and can affect lumbar posture (Berry et al., 2017;
Keorochana et al., 2011; Lao et al., 2015). Therefore, IVD changes
with physiologically relevant positions are also important to
consider.

MRI provides a non-invasive approach to measure both changes
in posture and IVD characteristics in the entire LS without ionizing
radiation. The main limitation of traditional MRI is subjects are
supine, which does not account for physiologic loading associated
with weight bearing. Some investigators have attempted to repli-
cate loading associated with weight bearing in traditional scanners
(Choi et al., 2009; Saifuddin et al., 2003; Willén et al., 1997). How-
ever, advances in upright MRI technology provide the ability to
image the bony and soft tissue structures simultaneously in func-
tional, weight-bearing positions. It has been used to measure sagit-
tal LS posture under different loading conditions and positions in
highly active populations (Berry et al., 2017; Rodriguez-Soto
et al., 2016a; Rodriguez-Soto et al., 2016b; Rodriguez-Soto et al.,
2013), children (Neuschwander et al., 2010; Shymon et al,
2014a,b) and adults with and without LBP (Keorochana et al.,
2011; Kong et al, 2009; Li et al., 2009; Nguyen et al., 2016;
Tarantino et al., 2013). Investigators have also reported changes
in IVD morphometry between the traditional supine and weight-
bearing positions such as sitting and standing (Gilbert et al.,
2010; Nazari et al., 2012, 2015; Tarantino et al., 2013), and limited
ranges of flexion and extension (Alexander et al., 2007; Alyas et al.,
2010; Hayashi et al., 2015; Hedberg et al., 2013; Lee et al., 2009;
Zou et al., 2009). However, to our knowledge, changes in LS posture
and IVD characteristics, in end-range sagittal, coronal, and axial
positions in a healthy population is unknown. Therefore, the pur-
poses of the current study are: (1) to quantify 3D LS posture and
IVD characteristics with end-range positions in 3 planes of move-
ment, and (2) to determine which intervertebral segments con-
tribute most in each plane of movement in healthy people with
upright MRI.

2. Methods
2.1. Participants

The San Diego State University Institutional Review Board
approved the study, and all volunteers provided oral and written
informed consent prior to participation. Each participant verbally
confirmed no lifetime history of LBP or LS pathology during screen-
ing and on the day of testing.

2.2. Imaging

Subjects were scanned using an upright 0.6T MRI scanner
(Fonar Corporation, Melville, NY) and a quad-planar coil. An elastic
band was used to hold the coil against the LS between the L1-S1
levels; the band was secured to hold the coil in place while allow-
ing the subject to maintain a natural position. A three-plane local-
izer and sagittal T2-weighted MRI were acquired as previously
reported (Berry et al., 2017).

Subjects were scanned in the following positions: standing,
standing left lateral bending, standing right lateral bending, sitting
left trunk rotation, sitting right trunk rotation, sitting forward flex-

ion, prone on elbows (POE), and prone extension (PExt) with arms
fully extended (Fig. 1). Position order was block randomized
(blocks: standing, sitting, and prone) to control for order effects.
Subjects were instructed on how to assume each position, and
were asked to move as far as they could in each direction and hold
each position for the duration of the MRI acquisition. Each position
is depicted and described, along with the explicit verbal instruc-
tions given to each subject in Appendix A.

2.3. LS angle measurements

Global LS and intervertebral angle measurements were gener-
ated from upright MRI images in each position, using a previously
validated algorithm (available at muscle.ucsd.edu/downloads)
(Berry et al., 2015). Briefly, digital seed points were manually
placed on the corners of the vertebral body and on the posterior
elements of each vertebra by a single rater using OsiriX (Rosset
et al., 2004). The locations of the seed points were checked and ver-
ified by a second rater before being imported into MatLab (Math-
Works Inc., Natick, MA) and used to define an endplate-based
joint coordinate system applied to each vertebra (L1-S1). This
approach was selected to directly reflect position of the motion
segment, and because there is less measurement error associated
with an endplate-based approach when compared to a vertebral
body-based method (Berry et al., 2015). Error (RMS) using this
technique is 0.95° for sagittal, 1.09° for axial, and 1.66° for coronal
plane angle measurements (Berry et al., 2015). Inter-rater agree-
ment for this technique, using images from the prior validation
study, indicate excellent agreement (ICC>0.9) between raters
(unpublished data).

Global measurements of LS posture and local intervertebral
angles were calculated for all positions (Fig. 2A-D). Global mea-
surements included LS angle with respect to the horizontal
(AwrtH), sacral slope, and Cobb angle. The AwrtH indicates the
degree of inclination of the entire LS in the sagittal plane, and is
defined as the angle between a line connecting the geometric cen-
troids of L1 and S1, and a line perpendicular to gravity, directed
anteriorly. Sacral slope describes the orientation of the sacrum to
provide an estimate of pelvic inclination, and is defined as the
angle between the superior endplate of S1 and the horizontal.
For horizontal postures (POE and PExt) the reference frame for ori-
entation of AwrtH and sacral slope was rotated 90°. The Cobb angle
is used to measure the curvature of the spine and is defined as the
angle between the superior endplate of L1 to the superior endplate
of S1 (Cobb, 1948). Local intervertebral angles were measured
between the superior and inferior endplates of adjacent vertebrae
to characterize the 3D orientation of adjacent vertebrae through-
out the LS in each position. A positive value is indicative of lumbar
lordosis (extension) in the sagittal plane, right lateral bending in
the coronal plane, and left rotation in the axial plane.

2.4. IVD measurements

IVD height was measured as the anterior and posterior Eucli-
dean distance between planes fit to the endplates of each vertebra.
Anterior-posterior (A/P) length of the IVD and location of the
nucleus pulposus (NP) was measured for all positions using custom
software developed in MatLab. The anterior and posterior margins
of each IVD were manually identified, and the distance between
them was calculated to determine the A/P length. The profile of sig-
nal intensity between these two points was extracted and the loca-
tion of maximum signal intensity within the NP was determined,
to track A/P NP location (Brault et al., 1997; Edmondston et al.,
2000) (Fig. 2E-F).
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Fig. 1. Representative MRI images of a participant in (A) Standing (B) Sitting flexion (C) Prone on elbows (image rotated 90°) (D) Prone extension (image rotated 90°) (E)
Standing left lateral bending (F) Sitting left rotation positions.
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Fig. 2. Schematics depicting global and local lumbar spine angles and a representative measurement of IVD characteristics from MRI images. Measurements included (A)
Lumbar angle with respect to the horizontal to assess lumbar spine inclination. (B) Cobb angle to measure lumbar lordosis. (C) Sacral slope to assess inclination of the pelvis.
(D) Intervertebral angles to provide a measurement of local lumbar alignment. (E) Anterior-posterior disc length and nucleus pulposus position. A point on the anterior (pink)
and posterior (blue) margins of the intervertebral disc are identified. (F) The signal intensity profile of the line between the two points is extracted (green), and the local
maximum of the signal intensity is identified (red arrow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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2.5. Statistical analyses

Positions were grouped based on the primary plane of move-
ment. Sagittal plane positions included sitting forward flexion,
POE and PExt. Axial plane positions included sitting left and right
rotation. Coronal plane positions included standing left and right
lateral bending. The standing position was used as a baseline posi-
tion for all position groups.

Global measurements (AwrtH, sacral angle, and Cobb angle)
were compared between positions using one-way repeated mea-
sures analysis of variance (ANOVA) tests with post hoc Sidak tests
to identify differences between positions. Intervertebral angles,
IVD A/P length, and NP location were analyzed using two-way
repeated measures ANOVA with post hoc Sidak tests to identify dif-
ferences between positions and intervertebral levels. Separate tests
were conducted for each group of positions (sagittal, coronal,
axial). Additionally, within each position group, separate tests
were conducted for each plane of motion for intervertebral angles.
The threshold for significance (o) was set to 0.05 for all analyses.
Analyses were conducted using IBM SPSS Statistics 20.0 (IBM,
Armonk, NY). All data are reported as mean + standard error.

3. Results

Image data sets were obtained from 13 volunteers (average
age = 24.4 years, range 18-51years; 9 females; height=1.6
+0.1 m, weight = 64.3 + 1.2 kg, BMI = 22.4 * 1.8 kg/m?). Data from
POE and PExt positions were excluded for one subject due to
motion artifact. Lateral bending data were excluded for two sub-
jects due to motion artifact. Spinal abnormalities were not
observed in any participant. Global LS angle measurements for all
positions are reported in Table 1. Intervertebral angle measure-
ments for all positions are reported in Table 2. IVD height measure-
ments for all positions are reported in Supplement 1. De-identified
subject data is available upon reasonable request.

There were significant differences in all global LS measurements
among sagittal plane positions (p <.001; Fig. 3A-C). LS AwrtH
increased from sitting forward flexion (29.2°+13.4°) to PExt
(119.3°£8.3°), however there was no significant difference
between standing and POE positions (p = .989). There was a signif-
icant difference in sagittal Cobb angle (p <.01) and sacral slope
(p <.01) between all sagittal plane positions. The sagittal Cobb
angle increased from sitting flexion (0.1°+1.8°) to PExt
(76.8° £ 2.0°), while the sacral slope was greatest in sitting flexion
(69.2° £ 10.8°) and smallest in PExt (23.1° + 7.4°). There were small,
significant differences in coronal Cobb angles between sagittal
positions (p <.05; Table 1). For sagittal intervertebral angles, there
was a significant effect of level (p <.001), position (p <.001), and an
interaction of level and position (p <.001). With end-range flexion
in sitting, all segments were in a more flexed position compared to
standing and prone positions; on average L1-L5 displayed slight
flexion (0.8-1.3°), and L5-S1 maintained 3.0° of extension

(Fig. 4A). A significant increase in intervertebral extension was
observed at the L1-L2, L2-L3 and L5-S1 levels when subjects were
POE compared to the standing position (p <.05). Compared to POE,
there was a significant increase in intervertebral extension with
PExt in all segments (p <.01) except L2-L3 (p =.381). For coronal
intervertebral angles, there was no effect of position (p=.458) or
level (p=.151); the interaction of position and level approached
significance (p =.080). For axial intervertebral angles, there was
no effect of position (p=.335), level (p =.882), or interaction effect
of position and level (p =.363).

There was a significant difference in coronal Cobb angle among
coronal plane positions (p <.001). Subjects had a larger coronal
Cobb angle when bending to the left (—25.2°+8.3°) and to the
right (23.5°+12.9°) compared to standing (2.1°+1.4°; p<.001;
Fig. 5). There were no significant differences in sagittal Cobb angle
(p=.127), sacral slope (p=.145), or LS AwrtH (p =.934) among
coronal plane positions. For coronal intervertebral angles, there
was a significant effect of position (p <.001) and interaction effect
of position and level (p <.001), but no significant effect of level
(p =.634). Significant differences between positions were found
at every level between standing and each side bending position
(p<.01; Fig. 4B), with the exception of L5-S1 between standing
and left lateral bending (p=.999). For sagittal intervertebral
angles, there was a significant effect of position (p <.05), level
(p <.001), and interaction effect of position and level (p <.01). Post
hoc tests indicated a significant difference with greater extension
at L5-S1 in standing (11.1°+4.4°) than with left bending
(3.2° £ 2.5°; p<.01) and right bending (3.9° + 2.6°; p <.001), which
were not different from one another (p =.866; Table 2). For axial
intervertebral angles, there was no effect of position (p =.327) or
interaction of position and level (p =.109), but the effect of level
approached statistical significance (p=.062) (see Supplement
data).

For axial plane positions, there was a significant difference
among positions for sagittal Cobb (p<.001), sacral slope
(p<.001), LS AwrtH (p =.018), and coronal Cobb angle (p =.015).
Sitting rotation resulted in a significant decrease (p <.001) in sagit-
tal Cobb angle (~30°) and sacral slope (~17°) relative to standing.
Differences between coronal Cobb angle with sitting left rotation
(8.2°+11.7°) and sitting right rotation (—2.1° + 8.5°) approached
significance (p =.069). For axial intervertebral angles, there was a
significant effect of position (p <.001) and level (p <.05), but no
significant interaction of position and level (p =.235). Axial inter-
vertebral angles were generally less than 2° different from stand-
ing alignment with either direction of sitting rotation (Fig. 4C).
For sagittal intervertebral angles with axial plane positions, there
was a significant effect of position (p <.001), level (p <.001), and
an interaction of position and level (p <.001). Less extension was
observed between standing and both sitting positions from L3-L4
to L5-S1 (~6-10°; p <.001) and between the standing and sitting
left rotation positions at L2-L3 (3.4°; p <.05). For coronal interver-
tebral angles, there was a significant effect of position (p <.05) and
interaction of position and level (p =.029), but no effect of level

Table 1

Global lumbar spine measures (in degrees) for all positions. Data reported as mean (standard error).
Position Sagittal Cobb Coronal Cobb Lumbar angle w.r.t. horizontal Sacral slope
Standing 51.1(2.6) 2.1(1.4) 83.3(1.2) 44.5(2.1)
Sitting flexion 0.1(1.8) 1.9(1.1) 29.2(3.7) 69.2(3.0)
Prone on elbows 63.2(2.0) -2.5(1.2) 81.2(1.2) 36.2(1.6)
Prone extension 76.8(2.0) -1.2(2.9) 119.2(2.4) 23.1(2.1)
Standing left bend 45.8(3.9) ~25.2(2.5) 81.8(1.8) 42.7(2.4)
Standing right bend 445(3.2) 22.6(4.1) 82.4(1.7) 41.7(2.3)
Sitting left axial rotation 20.9(3.1) 8.2(3.2) 79.9(1.6) 27.5(2.7)
Sitting right axial rotation 21.8(3.1) -2.1(2.4) 79.0(1.9) 27.8(2.8)
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Table 2

Local intervertebral angles (in degrees) in all cardinal planes for all positions at all levels. Bold indicates intervertebral angles for the primary plane of motion. Data reported as

mean (standard error).

Position L1-L2 L2-13 L3-L4 L4-L5 L5-S1
Sagittal Standing 1.7(0.4) 5.0(0.7) 8.7(0.7) 12.4(1.0) 11.1(1.2)
Sitting flexion -1.1(0.6) -1.3(04) -1.1(0.5) —0.8(0.7) 3.0(0.8)
Prone on elbows 6.1(0.8) 7.2(0.6) 8.5(0.5) 11.9(1.2) 14.4(1.1)
Prone extension 8.7(0.8) 8.7(1.1) 11.1(0.8) 15.4(1.1) 18.1(1.6)
Standing left bend 3.2(0.8) 6.0(0.2) 8.1(0.5) 10.5(0.9) 8.4(1.4)
Standing right bend 3.3(1.0) 5.6(0.5) 8.6(0.7) 10.1(0.8) 7.8(1.6)
Sitting left axial rotation 1.7(0.6) 1.6(0.8) 2.3(0.8) 1.9(0.9) 3.2(0.7)
Sitting right axial rotation 1.6(0.7) 2.5(0.9) 2.3(0.7) 1.7(0.8) 3.9(0.7)
Coronal Standing 0.6(0.9) 0.0(0.6) -1.1(0.7) 1.3(0.8) —-0.9(0.9)
Sitting flexion 0.5(0.7) 0.3(1.2) 1.4(0.8) 0.2(0.9) 1.3(1.1)
Prone on elbows —-0.3(0.7) 1.7(1.1) -0.9(1.2) 0.6(0.7) 0.0(0.7)
Prone extension 1.3(1.1) 0.5(1.6) -1.1(0.7) -0.5(1.4) 1.5(1.5)
Standing left bend -7.5(2.1) -5.1(1.1) -4.8(1.0) —4.0(0.9) -1.2(1.4)
Standing right bend 9.9(1.9) 8.7(1.6) 6.8(1.8) 6.0(1.2) 3.1(1.6)
Sitting left axial rotation 1.1(1.2) 3.4(1.2) 3.6(1.2) 1.4(0.9) 4.1(1.7)
Sitting right axial rotation -1.2(1.5) -2.2(1.2) —0.3(0.8) —0.4(1.0) 0.4(1.3)
Axial Standing 0.6(0.5) 0.2(0.5) —-0.2(0.3) 0.1(0.3) 0.2(0.3)
Sitting flexion 0.3(0.5) —0.6(0.6) 0.3(0.3) 0.5(0.5) 0.7(0.5)
Prone on elbows 0.3(0.2) 0.0(0.2) 0.6(0.3) —0.3(0.4) 0.3(0.4)
Prone extension —-0.7(0.9) 0.1(0.8) -0.1(0.3) 0.1(0.5) —-0.2(0.7)
Standing left bend 1.2(0.9) -2.6(1.1) 0.3(1.1) -0.8(1.2) 0.9(0.9)
Standing right bend -1.1(1.2) 0.3(1.2) 0.3(0.8) 0.4(1.2) 1.0(0.4)
Sitting left axial rotation 0.7(0.6) —0.6(0.5) 0.6(0.6) 1.3(0.9) 0.6(0.8)
Sitting right axial rotation —0.6(0.8) —-2.8(0.7) —-0.2(0.8) —0.6(0.9) —-0.1(0.5)

(p =.698). More right lateral bending was observed at L3-L4 with
sitting left rotation (3.6°%4.3°) than standing (—1.1°+2.6°
p<.05).

The effect of position on IVD height, A/P IVD length, and A/P NP
location are reported in Supplement 1.

4. Discussion

In this study, we evaluated global and local LS angles and IVD
characteristics with end-range positions along the cardinal planes
of motion in 13 healthy subjects with no history of LBP. Position-
dependent changes in global LS angles were found primarily along
the main axis of motion and for some out-of-plane measures. For
sagittal plane positions, greater differences were observed in lower
than upper LS segments; for lateral bending, greater differences in
coronal plane angles were observed in the upper LS segments.
With sitting rotation, small degrees of rotation were found across
intervertebral segments. The IVD length was smaller in end-
range sagittal positions, and the NP peak signal intensity changed
from a more posterior position in sitting flexion to a more anterior
position in end-range extension. This study demonstrates the
advantages of using upright MRI to investigate the response of
both bony and soft tissue structures of the LS to position changes,
and uses software to measure LS angles in 3D that has been vali-
dated and is free to use (Berry et al., 2015), which allows for similar
studies to be repeated in other cohorts.

The findings of this study add to the body of knowledge from
previous studies investigating LS alignment using different tech-
niques. Reported measures of global and local LS angles in the
standing and sitting positions are within 2-9° degrees of previous
studies using upright MRI (Berry et al., 2017; Karadimas et al.,
2006; Rodriguez-Soto et al., 2016a; Rodriguez-Soto et al., 2016b;
Rodriguez-Soto et al., 2013). Sagittal plane mobility (from flexion
to extension) in the current study is greater than that reported in
prior studies of sagittal plane positions using upright MRI, because
the prior studies evaluated only early to mid-range sagittal posi-
tions (Berry et al., 2017; Keorochana et al.,, 2011; Kong et al.,
2009; Lao et al,, 2015). However, overall extension mobility and
that less mobility was observed in upper segments than lower

lumbar segments is similar to a study by Kulig et al., who evaluated
a similar PExt position (Kulig et al., 2007). Distribution of sagittal
plane mobility in the current study is also similar to findings with
end-range extension in standing by Pearcy et al., such that less
sagittal mobility was observed in upper lumbar segments than
lower lumbar segments (Pearcy et al., 1984). These findings differ
from other studies that reported sagittal plane motion is greater
in upper than lower segments in subjects without LBP who were
substantially older than subjects in the current sample (Li et al.,
2009; Passias et al., 2011), and greater in central lumbar segments
(L2-L4) in people with LBP in early to mid-ranges of motion
(Keorochana et al., 2011; Lao et al., 2015). The conflicting evidence
suggests that distribution of sagittal plane mobility is different
depending on age, range of movement, and LBP status. These fac-
tors will need to be considered when modeling lumbar spine
mobility.

A limited number of investigators have evaluated intersegmen-
tal motion during trunk rotation in small samples of healthy sub-
jects (n =8-10). Previous studies reported similar degrees of total
intersegmental rotation across segments (2-3°), during maximal
trunk rotation in supine unloaded and standing loaded positions
(Fujii et al., 2007; Li et al., 2009; Pearcy and Tibrewal, 1984). We
found average intervertebral rotation measures ranged from 0.2
to 2.8° in each direction and no significant difference across levels.
These data suggest that lumbar rotation kinematics are generallysu
consistent across studies, but the slight difference in magnitude of
rotation across studies may be related to the position, or physical
constraints limiting rotation in the MRI. Overall, these low mea-
sures of intersegmental rotation across studies are likely associated
with facet joint orientation in lumbar vertebrae.

There have also been a limited number of investigations to eval-
uate intersegmental motion with lateral bending movements in
healthy subjects. We found greater coronal plane intervertebral
mobility in the upper than lower LS, similar to Pearcy et al who
also evaluated lateral bending while standing (Pearcy and
Tibrewal, 1984). However, these findings are different from Fazey
et al., who reported 5-7° at each segment, but no difference across
segments with passive lateral bending using supine MRI
(Fazey et al., 2010). The differences across studies are likely due
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to differences in loaded vs. unloaded positions and passive vs.
active movements. Other studies have been conducted to evaluate
trunk lateral bending using dual fluoroscopy, but differences across
segments were difficult to assess because limited segments (L2-L5)
were evaluated (Hashemirad et al., 2013; Li et al.,, 2009; Mellor
et al., 2014). Several groups have also evaluated lateral bending
and axial rotation in the context of studying coupled movements
in lumbar vertebral segments (Fujii et al., 2007; Pearcy et al.,
1984; Pearcy and Tibrewal, 1984; Shin et al., 2013). Classically
the coupled motions have been described by lumbar vertebral seg-
ment rotation around the axial or coronal axis, coupled with out of
plane motions along the non-primary axes of rotation in the oppo-
site direction (Panjabi and White III, 1990); the prior studies of
standing rotation and lateral bending have reported that this pat-
tern may vary based on segment (Pearcy and Tibrewal, 1984;
Shin et al., 2013). We observed when subjects rotated to the left,
intervertebral segments displayed movement towards the right
in the coronal plane and vice versa. The coupled bending motions
were less clear with lateral bending positions, likely due to vari-
ability in lateral bending position across subjects. Differences
between the prior studies and the current study may also reflect
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sex differences in coupling patterns, since the prior studies
included mostly male subjects (94% male across both studies),
while the current study has greater female representation (60%
females).

Previous investigators have evaluated LS IVD characteristics
with early-range position changes in supine (Beattie et al., 1994;
Brault et al., 1997; Edmondston et al., 2000; Fazey et al., 2006;
Fazey et al., 2013; Fazey et al., 2010; Willén et al., 1997), between
unloaded and loaded positions, or among early-range loaded sagit-
tal plane positions in both healthy subjects (Alexander et al., 2007;
Nazari et al., 2012, 2015; Schmid et al., 1999) and subjects with
pathology (Gilbert et al., 2010; Hayashi et al., 2015; Lee et al,,
2009; Tarantino et al., 2013; Zou et al., 2009). Consistent with pre-
vious findings in early ranges of flexion and extension, we
observed posterior migration with end-range flexion and anterior
migration with end-range extension (Beattie et al., 1994; Brault
et al., 1997; Edmondston et al., 2000; Fennell et al., 1996). These
similarities suggest that IVD behavior is similar throughout the
range of motion and under different loading conditions in healthy
subjects. However, in subjects with disc pathology, IVD behavior
appears to be inconsistent (Lee et al., 2009; Zou et al., 2009).

Interestingly, we also observed that IVD height increased poste-
riorly but did not change anteriorly with end-range flexion, and
increased anteriorly, but did not change posteriorly with end-
range extension. This, along with a concurrent decrease in A/P
IVD length, suggests IVD height changes were not only a function
of intervertebral angle, but distraction of the IVD in end-range
positions. Additionally, with the POE and PExt positions, the posi-
tion of the nucleus appears to be more posterior in the upper lum-
bar spine, and more anterior in the lower lumbar spine. This
difference parallels and may be a result of less extension move-
ment in the upper lumbar segments and greater extension move-
ment in the lower lumbar segments. These findings are unique to
the current study because kinematics and disc behavior has not
been previously reported in these end-range positions.

There are several limitations to this study. Because a limited
number of relatively young subjects were tested, the findings from
this study may not be generalizable to older adults. Only end-range
positions were measured; people with LBP or LS pathology may not
be able to hold an end-range position for the duration of an MRI
scan. The width of the upright MRI scanner is 48.3 cm, which can
curtail the motion of a subject to a single direction and limits the
size of subjects that can fit in the scanner. Sitting flexion and rota-
tion positions were selected rather than standing positions in order

to stabilize the pelvis, achieve maximum LS positions, and so that
patients were stable for the duration of a scan to avoid motion arti-
fact. Third, based on prior studies, IVD characteristics appear to be
different between pathologic and healthy IVDs in early-range
sagittal positions (Lee et al., 2009; Zou et al., 2009); however, this
would be difficult to evaluate using methods described in the cur-
rent study, as NP signal decreases with IVD degeneration
(Pfirrmann et al., 2001). Also, due to imaging constraints, we were
unable to measure NP migration in the coronal or axial planes.

This study investigated changes in LS alignment and IVD char-
acteristics in end-range positions in each cardinal plane of motion
in healthy subjects using upright MRI. For sagittal plane positions,
the upper lumbar vertebral segments had less mobility than lower
segments, but L5-S1 maintained lordosis even with end-range flex-
ion. The NP displayed anterior migration with extension and poste-
rior migration with flexion. In lateral bending, the upper lumbar
segments displayed greater mobility than lower segments. With
trunk rotation, there was minimal rotation at each intervertebral
segment that was coupled with contralateral coronal plane motion.
These results provide the framework to help clinicians and
researchers better understand LS alignment and IVD characteristics
with end-range positions in healthy subjects and can be used to
develop more specific biomechanical models and a basis for com-
parison of people with pathology.
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Appendix A. Upright MRI testing, positions and instruction set

General instructions: “For all positions we will take a short scan
to be sure we are focusing on the correct area of the spine. Then we
will ask you to hold your position for approximately 2-3 min while
we complete the full scan. Please try to breathe in a shallow way,
through your chest rather than your stomach to avoid moving the coil
that is helping us to get the image.”

Position Instruction

Figures

Standing

“Please stand comfortably, with your arms

at your sides. Be as still as you can and
hold your position for approximately

3 min.”

(continued on next page)
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(continued)
Position Instruction Figures

Standing Lateral Bend (R/L)
The subject is oriented in parallel with
scanner, and a bar is provided for
hand support after the patient has
moved into position

Sitting
The subject is sitting on a wooden
stool with his/her back unsupported, a
footrest placed at 19” from the seat
surface (“standard” seat height), and
hands resting in lap

Sitting forward flexion
From sitting position above

Sitting rotation
From sitting position above, with
elbows bent and palms resting on
chest/shoulders/clavicle area, and a
bar in front of subject at elbow level
for support

Prone on elbows
The subject is prone on the MRI table,
with forearms and palms on the
surface of the table and upper arms
vertical, supporting the trunk in slight
extension

Prone extension
From prone position above

“Keeping your feet in place (comfortable
distance apart), please bend to the (right/
left) side as far as you possibly can. When
you have gone as far as you can, then hold
your position while we take the 3-minute
scan. Please place your hand on the bar to
help stabilize yourself.”

“Please sit comfortably, with your arms
resting in your lap. Be as still as you can
and hold your position while we take the
3-minute scan.”

“Keeping you buttocks on the seat, please
bend forward as far as you can, like you
are trying to touch your toes. When you
have gone as far as you can, then hold your
position, while we take the 3-minute
scan.”

Keeping you buttocks on the seat, please
rotate your trunk to the (right/left) side as
far as you possibly can. When you have
gone as far as you can, then hold your
position while we take the 3-minute scan.
You can use your hand on the bar to
stabilize yourself, but don’t use it to push
you further into rotation.”

“Please prop yourself up on your elbows
and forearms with your palms on the table
(like sphinx or cobra pose in yoga,
demonstrate). Be as still as you can and
hold your position, while we take the 3-
minute scan.”

“Please push into your hands to straighten i
your arms and push your trunk up off the
table, but keeping your pelvis on/near the
table (like upward dog in yoga,
demonstrate). When you have gone as far
as you can, then hold your position while
we take the 3-minute scan.”

A
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Appendix B. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiomech.2019.04.020.
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