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Introduction

Routinemagnetic resonance imaging (MRI) utilized to diagnose
low back pain (LBP) and segmental instability is acquired in the
supine position. More recently upright MRIs have been applied
for clinical diagnosis and for experimental imaging to study
spine mechanics.1–6 The results comparing these two (supine
versus upright) imaging approaches have reported quantitative

differences inmeasurements secondary to biomechanical alter-
ations induced by spine loading.7–9 Additionally, soft tissue
elements in the spine are best visualized by MRI, and upright
imaging may be helpful in unmasking certain changes in the
spine anatomy hitherto undetected with supine imaging.10,11

Studies have shown that ligamentum flavumhypertrophy
(LFH), mostly resulting from facet degenerative changes, or
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Abstract Purpose The effects of weight bearing on lumbar spinal canal dimensions are not well
reported the low back pain (LBP) literature. Since axial loading induces changes in
anatomical configuration of the lumbar spine, supine spine imaging may not uncover
dimensional changes associated with physiological weight bearing that could be
demonstrated in imaging in the upright position.
Methods This study compared anteroposterior spinal canal dimensions measured at
the level of the intervertebral discs in the supine and upright lumbar spine magnetic
resonance images in adults without a history or current back pain. Additionally,
interlaminar distances were measured between the centers of adjacent laminae
involving a spinal segment. These parameters were utilized to ascertain the deforma-
tion incurred at the ligamentum flavum due to load bearing.
Results Within and between-sessions t-tests, factorial and repeated-measures analy-
sis of variance showed significant alterations in canal dimensions at certain levels,
secondary to the upright positioning of the spine. Measurement reliability assessed
between sessions and scanning positions using intraclass correlation coefficients
demonstrated strong agreement.
Conclusion Imaging studies involving physiological weight bearing may be useful to
understand the potential etiological effects of such changes in mechanical LBP.
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its anterior buckling into the spinal canal as leading causes of
spinal canal stenosis and disc space narrowing.12–14 On the
other hand, spine instability and instrumented laminecto-
mies are also linked to LFH and canal narrowing at the
segments adjacent to the intervention.15–19 Mechanistically,
LFH is implicated in degenerative lumbar spinal stenosis
resulting from direct compression of the spinal canal involv-
ing the cauda equina, reduction in the anteroposterior
diameter (APD) of the intervertebral foramen, squeezing of
the nerve roots with numbness and LBP symptoms, and
painful lower extremities.15,17,20 Several studies have also
probed into the microstructural changes associated with
pathological LFH.21–24 However, there are only a few studies
that have implicated associative or etiological relationship
between LF or its pathological buckling, to degenerative disc
disease, degenerative spondylolisthesis, or chronic LBP or leg
pain.13,18,25

Although changes in the disc and foraminal dimensions,
listhetic shifts between vertebrae induced by upright posi-
tion have been reported in the imaging/back pain literature,
there are hardly any imaging studies specifically reporting
comparative changes at the posterior elements of the lumbar
spine measured in the spine and upright position, simulta-
neously validating the reliability of such quantifica-
tion.8,10,26–30 Intuitively, posterior elements of the spinal
canal, the laminae and the LF, would be the structures
affected themost by the increased lumbar lordosis onweight
bearing and as such, quantification of their deformation
warrants further investigation in context of axial loading
of the trunk.31,32 This study compares anteroposterior canal
dimensions and interlaminar distances at levels as affected
by spatial changes following weight bearing. Such approach
to LBP imaging and the results reported in this study com-
paring two different loading conditions may be useful for
diagnosing critical narrowing of the canal in symptomatic
patients.

Materials and Methods

The study used an open, upright MRI to image the lumbar
spines from volunteers without a history or concurrent back
pain. It was hypothesized that upright imaging could dem-
onstrate significant changes involving sagittal dimensions of
the lumbar spinal canal and the interlaminar distances.
Imaging was performed in two sessions: each involved
imaging once in the upright and once in the supine positions.
Lumbar canal and interlaminar dimensions were measured

at the intervertebral and lumbosacral discs levels in all the
images.

Participant selection: Data was obtained from 13 volun-
teers aged between 18 and 60 years (mean: 38 [�12] years;
7 females/6 males). Individuals were excluded at screening
if they reported LBP more than or equal to 2 on the numeric
pain rating scale, a history of spinal surgery, any orthopae-
dic or neurologic impairment, cancer or tumors, cardiopul-
monary disorders, clinical depression, or were taking
medications or supplements for LBP. General compatibility
for MRI was assessed; subjects with a body mass index
(BMI) more than 32 kg/m2 or with any debilitating condi-
tion that impaired standing inside an open MRI system
were excluded. The institutional review board approved the
study protocol (institutional review board #16-F-13), and
all subjects gave written informed consent. Visit 1 included
study orientation and subject consent. Visits 2 and 3 were
scheduled 1 week apart at the university MRI facility
(►Fig. 1). One male participant dropped out of the study
due to personal reasons.

Imaging protocol: Scout imageswere obtained isocentered
at the L3–L4 intervertebral discs after participants were
secured supine on the MRI table. With the footrest height-
adjusted and recorded, the table was rotated to 87degrees
vertical as the participants eased into a WB position, with
their feet shoulder-width apart. Participants were comfort-
ably secured above the knee and at the pelvis using cush-
ioned straps accompanying the MRI machine to help
maintain an upright position during imaging. Images were
acquired using an open-fieldmagnet (0.25 T) G-Scan BrioWB
MRI (Esaote S.p.A., Genova, Italy) in an upright position. Next,
individuals were brought to the supine position by tilting the
table to the horizontal plane. Participants laid supine and
rested for 5minutes to relax the spine before image acquisi-
tion was initiated. Sagittal MRIs of the lumbar spine (L1–S1)
were acquired in both positions using a fast spin echo T2
sequence (TR¼3520 milliseconds; TE¼125 milliseconds; #
of acquisition¼1; matrix¼288�234; field of view¼320
�320; oversampling¼185%; slice thickness¼4mm; gap
¼1mm; acquisition time: 4minutes, 41 seconds). Scanning
time and sequences were as described in earlier studies
reporting less than 5minutes of scan time at each position.
Typically, each participant spent approximately 45minutes
per session, including positioning, tilting, image acquisition,
and resting time.

Image analysis: All DICOM images were transferred to a
proprietary image analysis platform (OrthoCAD, Esaote S.p.A.,

Fig. 1 Timeline and objectives of the study visits.
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Genova, Italy). Borders of the lumbar spine, first sacral
vertebral bodies, spinal canal, and vertebral foramina
were manually outlined on the image slices using the
software. Images were then segmented and digitized by
proprietary three-dimensional segmentation software
(OrthoCAD). Semiautomated segmentation and measure-
ment tools available in the software were used to quantify
lumbar spinal canal APDs at the lumbar and lumbosacral
disc levels (►Fig. 2), and the interlaminar distances mea-
sured at between the centers of the laminae at each spinal
motion segment (►Fig. 3), in millimeters.

Statistical analysis: Supine and upright measurements
obtained from the two sessions were compared separately
for reliability using Pearson’s correlation coefficient. Within-
session differences between supine and upright images were
tested for statistical significance using a two-tailed paired
student’s t-test. Considering potential changes in magnifica-
tion and minor variabilities associated with participant

positioning within the scanner in the two imaging sessions,
the differences calculated between the supine and upright
images were normalized for each session. This was done by
subtracting the supine from the upright measurement, di-
viding that value by the supine dimension at each level and
taking the absolute value for analysis: ([supine-upright]/
upright). A student’s t-test (2-tailed) was then applied to
test the significance of difference in measurements in the
two spatial positions acquired in each session (within-ses-
sion) separately. A two-factor repeated measured analysis of
variance (ANOVA; without replication; 2 positions�2 ses-
sions) was applied, followed by multiple post-hoc compar-
isons (Tukey’s) to determine the significance of variance for
each dimension for images acquired in both positions, and
across the two imaging sessions (between-session; IBM SPSS
Statistics for Windows, Version 24.0, IBM Corp., Armonk,
New York, United States).

Results

(1) Spinal canal A-P dimensions (APD, in millimeters;
►Table 1): APD of the spinal canal were measured as the
anteroposterior space available at the level of the
intervertebral discs (referred to as zones), perpendicu-
larly across the spinal canal (►Figs. 2 and 4). The
measurements showed a decrease in this dimension
with weight bearing. Additionally, the decrease in this
dimension in the upright position correlated and cor-
responded to the distance measured across each zone in
the supine position (►Table 2). Pearson’s statistic
showedstrongcorrelationand reliability formeasurements
when comparing separately the supine and upright imag-
ing,bothwithinandacross thetwo imagingsessions. Strong
correlation was found in the normalized differences be-
tween the imaging sessions indicating consistency in
detecting supine versus upright alterations (►Table 2).
T-tests (p<0.01) repeated measures and factorial ANOVA
demonstrated statistically significant F values for differ-
ences in supine versus upright imaging for APD when
applied to all four imaging conditions (2 positions�2
sessions; (F [3.59] ¼6.32; p<0.01).
(2) Interlaminar distance (ILD, in millimeters; ►Table 1):
The ILD at each level was measured between the center
points of the laminae in a spinal segment (►Figs. 3 and 5).
Significant decrease with load bearing was observed
except at the lumbosacral (L5-S1) segment. Pearson’s
statistic showed strong correlation and reliability for
measurements when comparing separately the supine
and upright imaging, both within and across the two
imaging sessions. Strong correlation was found in the
normalized differences between the imaging sessions
indicating consistency in detecting supine versus upright
alterations. t-tests (p<0.01) repeated measures and fac-
torial ANOVA demonstrated statistically significant F val-
ues for differences in supine versus upright imaging for
ILD when applied to all four imaging conditions (2 posi-
tions�2 sessions; (F [3,59] ¼5.47; p<0.01).

Fig. 2 T2-weighted image showing the lumbar spinal canal. The
anteroposterior dimensions are marked across the spinal canal as
measured by the software tool at the five lumbar zones.

Fig. 3 Interlaminar distances shown measured between the center
points of the laminar arches across each spinal motion segment.
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However, pairwise Tukey’s Honestly Significant Difference
comparisons returned higher significance (<0.01) for supine
versus upright measurements only involving the APD at the
L4-L5 zone and for ILD at the L1-L2 and L2-L3 junctions in the
statistical comparison. This could be an expected statistical
outcome given that the means compared in this study (2
supine, 2 upright)may have lacked impactfully very different
individual values since the pairs of supine and upright
averages were clustered together, apparently due to the
small sample size and obvious absence of potentially back
pain related structural discrepancies. However, it may be
noted that all comparisons (correlations between similar
imaging positions both within and between the two imaging
sessions, differences between contrasting imaging positions

both within and between the two imaging sessions) tested
consistent with the paired student’s t-test, the same result
being asserted by the significant F statistic. Intraclass corre-
lation coefficients (ICC) calculated for measured variables by
session and by scanning positions and intra-rater reliability
analysis performed using absolute agreement and a two-way
random model reporting single measures for ICC, demon-
strated strong correlations.

Discussion

This study was undertaken to address the question if upright
MRI could detect significant alterations at the posterior
elements of the spinal canal compared with supine imaging.

Fig. 4 Graph showing the anteroposterior dimension (APDs; in
millimeters) measured in the supine and upright images. Asterisks
represent the lumbar zones returning significant values when com-
paring the two loading conditions (p< 0.05).

Fig. 5 Graph showing the interlaminar distances (in millimeters)
measured in the supine and upright images. Asterisks represent
lumbar zones returning significant values when comparing the two
loading conditions (p< 0.05).

Table 1 Descriptive statistics of the spinal canal A-P (anteroposterior) dimensions and interlaminar distances measured in images
acquired in supine and upright positions (n¼12)

Spinal canal A-P dimension Zone: L1–L2 Zone: L2–L3 Zone: L3–L4 Zone: L4–L5 Zone: L5–S1

Supine 16.73 (�2.89) 15.90 (�2.62) 15.72 (�2.15) 14.86 (�2.23) 12.62 (�2.10)

Upright 16.11 (�2.36) 15.11 (�2.05) 14.34 (�2.40) 13.27 (�2.13) 12.20 (�2.20)

t-test
(supine vs. upright)

0.14 0.02a 0.03a 0.00a 0.53

Correlation (session 1 vs. 2) 0.82 0.81 0.78 0.88 0.83

Interlaminar distance L1–L2 L2–L3 L3–L4 L4–L5 L5–S1

Supine 32.02 (�3.01) 30.99 (�2.73) 30.37 (�3.82) 26.49 (�2.10) 23.02 (�2.91)

Upright 29.49 (�3.29) 28.31 (�2.91) 28.88 (�2.43) 25.51 (�2.66) 23.54 (�2.47)

t-test
(supine vs. upright)

0.00a 0.00a 0.02a 0.03a 0.48

Correlation (session 1 vs. 2) 0.84 0.72 0.80 0.75 0.88

Note: All measurements (average (�standard deviation) are in millimeters. The spinal canal A-P (anteroposterior) dimension was measured at the
level of the intervertebral discs (lumbar zones) and the interlaminar distances were measured between the mid-laminae of each motion segment.
aStatistically significant at p< 0.05.
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Since changes in the dimensions at the posterior aspect of the
spinal canal have been attributed to critical narrowing of the
passage resulting in clinical symptoms, this study aimed to
investigate the physiological effect of axial load bearing on
these structures dorsal to the canal in a non- LBP cohort.

The study indicates that load bearing decreases the APDs
of the spinal canal at all the disc levels, most significantly at
the L2–5 zones of the lumbar motion segments. However,
this sagittal space is minimally affected at the lumbosacral
(L5-S1) junction. Since the position of the vertebral body
remains constant with the posterior arch (and laminae) as
they form the vertebral canal, changes occurring secondary
to weight bearing in the upright position are manifested at
the intervertebral levels corresponding to the intervertebral
disc and the LF planes. Measurements obtained in this study
demonstrate that the APD measures at these planes area
affected and reduced probably due to mechanical deforma-
tion at the discs, listhetic tendency of the superior vertebrae,
and dynamic shifts in the anterior LF curvatures at these
planes caused by the increased lordotic curvature of the
lumbar spine induced by the upright position of the
individual.33

With upright loading of the spine, the ILD changes signifi-
cantly at all lumbar vertebral levels except at the lumbosacral
junction. This occurs simultaneously with the increase in the
lumbar lordotic curvature, opening of the anterior interver-
tebral space as the loading pivots on the facet joints, approx-
imation of the vertebral laminae, with concurrent anterior
bulking of the LF elements.3 These changes may be effective
minimally at the lumbosacral posterior elements that are
structurally somewhat different from the typical posterior
element articulations in a lumbar motion segment.34 This
observation is in alignment with studies that have explored
reciprocal changes occurring in the dimensions of the pos-
terior elements with forward flexion using different investi-
gation techniques.35

Accordingly, this study is probably the very few ones that
have not only investigated weight bearing shifts in the
posterior elements of the spinal canal but also tested the
reliability of such measurements across multiple imaging
sessions. Evidence from this study points out that upright
weight bearing positionmay induce significant changes even
in asymptomatic cohorts and that upright imaging may
unmask baseline deformations at the posterior elements
even in people without back pain and can help in deciding
if such postural changes are innocuous or consequential
depending on the degree of such changes and their symp-
tomatic correlations. Notwithstanding, from a technical
standpoint it is worth noticing that quantitative data from
these anatomical parameters could be acquired and analyzed
with high reliability using an upright MRI paradigm.36

None of the participants in this study ever had chronic or
acute back pain episode. Also, since all individuals were
within a specific BMI range, we assume that the anatomical
changes reported in this study are within physiological
limits and represent the effects of normal load bearing in
the upright position. Two participants in this study, though
did not report back pain, showed some evidence of discTa
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degeneration at their L3-L4 and lumbosacral levels. The
primary aim of the study was to determine the consistency
and reliability of detecting anatomical changes in supine
versus upright imaging across multiple sessions. This study
is a descriptive, cross-sectional study investigating the
reliability of such measurements. Consequently, the data
analyzed in this study involves scans from participants
without concurrent or previous history of back pain. Select-
ing LBP-free subjects offers flexibility in not having to
control variables related to associated specific LBP situa-
tions. Involving LBP patients for such a study would cer-
tainly be useful in generating clinically relevant data. We
plan to recruit more participants in a larger follow-up study
(involving a similar imaging arms and protocols) with
chronic LBP patients, with appropriate statistical power
and sample size. Examination of diagnostic anatomical
entities in the load-bearing position could be critical in
identifying specific structural causes of spinal stenosis;
markers that may remain undetected in recumbent MRI,
especially in patients with degenerative disc disease where
weight bearing may induce significantly detectable changes
in the linear dimensions measured in this study. Thus,
follow-up studies will be required involving symptomatic
patients to ascertain and compare the role of the posterior
element changes in inducing critical narrowing of the spinal
canal causing back pain symptoms associated with lumbar
stenosis.37 Imaging studies involving physiological weight
bearing inpatientswithbackpainmaybeuseful tounderstand
the etiological effects of such changes in mechanical LBP.

Conclusion

Upright imaging can detect shifts in the posterior element
morphology at the lumbar spinal canal, as induced byweight
bearing.
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