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T
he muscles of the lumbar spine are crucial for stabilizing and 
supporting the upper trunk, especially during dynamic loading 
conditions. A muscle’s force-generating capacity is directly 
related to its architectural and microstructural features, 

which are therefore variables of interest when trying to assess muscle 
health. Physiological cross-sectional area (PCSA) is a measure of

muscle architecture that can be measured 
to estimate muscle force.27 However, it is 
difficult to precisely measure PCSA in 
vivo, as it includes measures of muscle 
architecture, such as pennation angle 
and normalized fiber length. Volume is 
a dominant input variable to measure 
muscle PCSA and is commonly used as a 
proxy for muscle force-producing capac-
ity.7,9 However, muscle is a heterogeneous 
tissue, also consisting of fat and collag-
enous tissues, which can confound mea-
sures of muscle volume.

Skeletal muscle exhibits a classic 
structure-function relationship, where 
its microstructural properties are closely 
related to whole muscle function. For ex-
ample, muscle fiber isometric force-gen-
erating capacity is directly related to fiber 
cross-sectional area.17,21,22 It is also diffi-
cult to measure muscle microstructure 
in vivo, although there is some evidence 
that diffusion-based imaging techniques 
are sensitive to different features of mus-
cle microstructure, in particular fiber 
area.5,8,12,35

With injury and age, atrophy of mus-
cle fibers and replacement of muscle tis-
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sue with adipose and fibrotic tissue are 
typically observed compared to healthy 
muscle, further decreasing the overall 
volume of functional contractile tissue in 
the muscle.7,36 As pathogenic (diseased) 
muscle becomes atrophied and fibrotic 
and contains more adipose tissue, the ac-
tive and passive force-generating poten-
tial of the whole muscle changes, which 
can have a direct and negative effect 
on joint stability, range of motion, and 
posture.20,26,39,48 The multifidus muscle 
is considered to be one of the primary 
muscular stabilizers of the lumbar spine, 
due to its ability to produce high forces 
over a narrow range of lengths, and often 
undergoes the pathogenic changes asso-
ciated with injury, low back pain (LBP), 
or age.46

Changes to the orientation and posi-
tion of bony structures of the spinal col-
umn are often observed simultaneously 
with these changes in muscle composi-
tion.19,38,40 With age, gross changes in 
spinal posture, such as decreased lum-
bar lordosis, increased lumbar flexion, 
and increased pelvic tilt, are typically 
observed.13,14,18,42 Decreased segmental 
range of motion has also been measured 
at vertebral levels with intervertebral disc 
(IVD) degeneration,13,16 which is defined 
as decreased hydration of the nucleus 
pulposus with accompanying disc height 
loss.25 However, changes in muscle struc-
ture, lumbar posture, and IVD health 
are not independent of one another, and 
their effects are confounded by age, sex, 
activity level, and the timing of disease 
progression.

In addition to associated changes 
with age and disease, external stimuli, 
such as carrying load or whole-body po-
sition, may affect posture.3,29-31 Military 
members are highly active and often re-
quired to carry heavy loads in unusual 
positions. Studies investigating how Ma-
rines adapt to load carriage suggest that 
they routinely operate under conditions 
that put them at risk for developing 
lumbar musculoskeletal injury and that 
they exhibit higher rates of LBP than 
civilians.33,34 This may be attributed to 

pathophysiologic changes of the lumbar 
spine structures as a result of the heavy 
loads and unusual postures experienced 
in training and combat.15,28 A noninva-
sive tool that can correlate musculoskel-
etal health to posture under relevant 
loading conditions would allow clini-
cians to tailor rehabilitation protocols 
to target specific musculoskeletal com-
ponents involved in regulating posture 
to mitigate an individual’s risk of lumbar 
spine injury.

The purpose of this study was to inves-
tigate the predictive capacity of muscle 
structure, IVD health, and anthropomet-
ric measures on lumbar spine posture in 
active-duty Marines. We hypothesized 
that multifidus muscle volume would 
predict lumbar posture in different posi-
tions, because the multifidus provides in-
tersegmental lumbar support and muscle 
volume is related to muscle strength.

METHODS

T
he University of California, San 
Diego and US Naval Health Re-
search Center Institutional Review 

Boards approved this study, and all vol-
unteers gave verbal and written consent 
to participate. Marines were included in 
this study if they were male, over 18 years 
of age, and healthy enough to perform 
their assigned duty. Marines were exclud-
ed from this study if they had undergone 
lumbar spine surgery or had the possibil-
ity of shrapnel in their bodies. Marines 
were not recruited based on LBP status 
or history. All Marines underwent stan-
dard magnetic resonance imaging (MRI) 
safety screening prior to scanning. All 
scans were performed early in the morn-
ing, between 4 am and 9 am.

Upright MRI
Marines were scanned using an upright 
0.6-T MRI scanner (UPRIGHT Multi-
Position MRI; Fonar Corporation, Mel-
ville, NY) and a planar coil. An elastic 
band was used to hold the coil against the 
volunteer’s lumbar spine between the L1 
and S1 levels while standing. The band 

was secured to hold the coil in place with-
out altering the volunteer’s natural posi-
tion. A 3-plane localizer (repetition time 
[TR], 1254 milliseconds; echo time [TE], 
100 milliseconds; field of view (FoV), 34 
cm; matrix, 256 × 256; in-plane resolu-
tion, 1.33 × 1.33 mm; thickness, 9 mm; 
number of excitations, 1; time, 0:17) and 
sagittal T2-weighted images (TR, 1974 
milliseconds; TE, 160 milliseconds; FoV, 
35 cm; matrix, 224 × 224; in-plane reso-
lution, 1.56 × 1.56 mm; thickness, 3 mm; 
gap, 0 mm; number of excitations, 1; 
time, 2:12) were acquired.4

Upright MRI: Load Carriage  
and Position Tasks
Marines were scanned in the following 
positions: standing without load, stand-
ing with body armor, sitting with body 
armor, and prone on elbows with body 
armor. Positions with external load were 
randomized to control for the cumulative 
effects of loading or time. The selected 
positions were static positions that Ma-
rines are often required to maintain for 
extended periods, depending on military 
occupational specialty, and are often re-
ported as provoking LBP.3 The load mag-
nitude of 11.3 kg was chosen based on the 
use of body armor, which is the minimum 
protective equipment Marines are re-
quired to wear during military operations 
and training. Marines were not provided 
instruction on how to assume each posi-
tion, but were asked to hold each posi-
tion steady for the duration of the MRI 
acquisition. A previous study has shown 
no statistically significant difference in 
test-retest variation in posture within a 
subject, even after performing heavy-load 
and activity tasks.31

Upright MRI: Postural Measurements
Postural measurements were gener-
ated from upright MRI images in each 
position, using a previously validated 
algorithm.3 Briefly, digital seed points 
were manually placed on the corners of 
the vertebral body and on the posterior 
elements of each vertebra using OsiriX 
Version 3.9.3 imaging software (Pixmeo 
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SARL, Bernex, Switzerland).32 The loca-
tions of the seed points were imported 
into MATLAB (The MathWorks, Inc, 
Natick, MA) and used to define an end 
plate–based joint coordinate system ap-
plied to the superior and inferior end 
plate of each vertebra (L1-S1).

Global measurements of lumbar spine 
posture were calculated for each position 
to characterize the posture of the lumbar 
spine. Global measures included angle 
with respect to the horizontal to assess 
lumbosacral flexion/extension, sacral 
slope to assess sacral tilt, and sagittal Cobb 
angle to assess lumbar lordosis (FIGURE 1). 
Root-mean-square error values for global 
measurements were measured previously 
and are 0.28°, 0.95°, and 0.95°, respec-
tively.4,31 Global measurements between 
the standing unloaded and the standing 
loaded (delta load) positions, and between 
the sitting loaded and prone on elbows 
loaded (delta position) positions, were also 
calculated to determine lumbar kinemat-
ics in response to load and dynamic move-
ment, respectively.

Supine MRI
Magnetic resonance images of the lum-
bar spine (L1-S1) were acquired using a 
3-T MRI scanner (Discovery MR750; GE 
Healthcare, Waukesha, WI) and spine ar-
ray coil. The imaging protocol consisted 
of (1) an anatomical scan, (2) fat-water 
separation scan, (3) diffusion tensor im-

aging (DTI) of the lumbar spine, and (4) 
T2 mapping of each lumbar IVD. Marines 
were scanned supine, with the lumbar 
muscles relaxed, to mitigate motion and 
breathing artifacts. The anatomical scan 
was an axial, fast spoiled-gradient echo 
with the following scanning parameters: 
TR, 5 milliseconds; TE, 2.3 milliseconds; 
flip angle, 20°; FoV, 32 cm; acquisition 
matrix, 512 × 512; pixel size, 0.625 × 0.625 
mm2; slice thickness, 1 mm; no gap; num-
ber of averages, 3. Fat-water separation 
images were acquired utilizing a 3-point 
iterative decomposition of water and fat, 
with echo asymmetry and a least-squares 
estimation sequence in the sagittal plane 
(TR, 1974 milliseconds; TE, 160 milli-
seconds; flip angle, 20°; FoV, 25.6 cm; 
176 slices; acquisition matrix, 256 × 256; 
voxel size, 1 × 1 × 1 mm3; no gap; num-
ber of averages, 1). Scanning parameters 
of the axial DTI sequence were as follows: 
TR, 10 seconds; TE, 46 milliseconds; FoV, 
19.2 cm; 82 slices; acquisition matrix, 128 
× 128; pixel size, 1.5 × 1.5 mm2; slice thick-
ness, 3 mm; no gap; B value, 400 mm2/s; 
45 diffusion directions. Last, multispin-
echo data (8 echoes; TE, 8.6 to 68.8 mil-
liseconds; TR, 800 milliseconds; FoV, 16 
cm; 5 slices; acquisition matrix, 256 × 
256; voxel size, 0.625 × 0.625 × 5 mm3; 
no gap; number of averages, 1) were ac-
quired and used to estimate the T2 of each 
lumbar IVD. The scanning plane was axial 
oblique, parallel to each lumbar IVD.

Supine MRI: Lumbar  
Physiology Measurements
Anatomical images were imported into 
the OsiriX imaging software for segmen-
tation. Contours of the multifidus, erec-
tor spinae group, psoas, and quadratus 
lumborum muscles were manually traced 
from the L1 to S1 lumbar levels. The re-
sulting segmentations were used to gen-
erate masks to quantify muscle volumes, 
fat fraction, and diffusion properties of 
Marines in the supine position.

Images acquired using the fat-water 
separation sequence yielded 2 sets of im-
ages: 1 where both fat and water MRI 
signals are in phase, and 1 where they are 
out of phase. This allows for isolating the 
independent contributions of water (SW) 
and fat (SF) to the total MRI signal. These 
data were then used to quantify the fat 
fraction (FF) of the multifidus and erec-
tor spinae group with the following rela-
tionship: FF = SF/(SW + SF).

The diffusion tensor was fitted us-
ing Analysis of Functional NeuroIm-
ages software (National Institutes of 
Health, Bethesda, MD) and function 
3dDWItoDT.6 Mean diffusivity, frac-
tional anisotropy (FA), and the 3 eigen-
values (λ1-3) of the diffusion tensor are 
reported. The quantitative relationship 
of diffusion variables to specific features 
of muscle microstructure is the focus of 
current work, although there is some evi-
dence that they are related to muscle fiber 

FIGURE 1. Schematic depicting lumbar spine postural measurements on a 3-dimensional model of the lumbar spine. Measurements include (A) angle with respect to the 
horizontal to assess lumbar flexion/extension, (B) sagittal Cobb angle to measure lumbar lordosis, and (C) sacral slope to assess rotation of the pelvis.

 J
ou

rn
al

 o
f 

O
rt

ho
pa

ed
ic

 &
 S

po
rt

s 
Ph

ys
ic

al
 T

he
ra

py
®

 
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.jo
sp

t.o
rg

 a
t U

C
 S

an
 D

ie
go

 o
n 

Ju
ne

 2
5,

 2
01

9.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 N
o 

ot
he

r 
us

es
 w

ith
ou

t p
er

m
is

si
on

. 
 C

op
yr

ig
ht

 ©
 2

01
8 

Jo
ur

na
l o

f 
O

rt
ho

pa
ed

ic
 &

 S
po

rt
s 

Ph
ys

ic
al

 T
he

ra
py

®
. A

ll 
ri

gh
ts

 r
es

er
ve

d.



616 | august 2018 | volume 48 | number 8 | journal of orthopaedic & sports physical therapy

[ research report ]
size.5,8,12,35 Mean diffusivity describes the 
average restricted diffusion coefficient 
of λ1-3 and is normally between 1 × 10–3 
mm2/s and 2 × 10–3 mm2/s.24 Fractional 
anisotropy is a unitless measurement 
from 0 to 1 that indicates the shape of 
the diffusion tensor. An FA value of 0 
corresponds to isotropic diffusion (un-
restricted), and an FA value of 1 corre-
sponds to diffusion along a line (highly 
restricted). The eigenvalues (λ1-3) define 
the magnitude of diffusion along (λ1) and 
radial to (λ2,3) the main direction of the 
muscle fiber.

The T2 values for each IVD were es-
timated by fitting the magnitude of the 
multiecho data to a monoexponential 
decay: Si = Soe–t/T2.

Intervertebral disc health is often as-
sessed by qualitatively assessing disc hy-
dration from T2-weighted MRI scans. 
Quantitative T2 mapping provides a 
quantitative measurement of IVD hydra-
tion; T2 is inversely proportional to Pfir-
rmann grade, which is a common ordinal 
scale to assess IVD degeneration.41

Statistical Analysis
Dependent variables were global postural 
measurements (angle with respect to the 
horizontal, sagittal Cobb angle, and sacral 
angle) for all positions (standing unloaded 
and standing, sitting, and prone on elbows 
with load) and the change in load and flex-
ion/extension positions (delta load, delta 
position). To assess variance, a coefficient 
of variation was calculated for each depen-
dent and independent variable.

An a priori approach was used to 
minimize the number of independent 
variables input into each model (FIGURE 2). 
First, independent variables were empiri-
cally grouped into 3 separate domains: 
muscle structure (volume, FF, FA, mean 
diffusivity, and λ1-3), IVD health (T2 relax-
ation of each disc), and anthropometric 
(age, weight, height, and body mass index 
[BMI]43) measures. Hierarchical cluster 
analysis was used to verify domain group-
ings. Within each domain grouping, an 
additional hierarchical analysis was per-
formed. Variables that did not cluster 
were entered into a stepwise multiple lin-

ear regression model for each dependent 
variable to identify physiologic measures 
predictive of lumbar spine posture.

Variables that did cluster were then 
sorted into like variables (eigenvectors), 
using principal-components analysis 
(PCA). Within each eigenvector, the Pear-
son correlation coefficient was used to 
remove collinear variables (r>0.80). For 
collinear variables, the variable with the 
smallest eigenvector value was removed 
to avoid redundancy of variance across 
variables. Collinearity was also verified 
at this point by the variance inflation 
factor; any variable that had a variance 
inflation factor greater than 10 was re-
moved from the model. Remaining vari-
ables were then entered into the stepwise 
multiple linear regression model for each 
dependent variable. A stepwise multiple 
linear regression was run for each indi-
vidual dependent variable (18 models: 6 
positions by 3 postural measurements). 
Statistical analyses were performed using 
SPSS Version 20.0 (IBM Corporation, 
Armonk, NY).

Quadratus lumborum volume
ES volume
Multifidus volume
Psoas volume

20

Muscle physiology

Weight

4

Anthropometric

None

First eigenvalue
ES λ2

Multifidus λ2

ES λ3
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Multifidus λ3

ES MD
Multifidus MD
Multifidus λ1

First eigenvalue
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First eigenvalue
T2 L1-L2
T2 L2-L3
T2 L3-L4
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IVD health

Second eigenvalue
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Independent variables: 13 muscle, 3 anthropometric, 5 IVD health

Number of 
input variables

Cluster analysis
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FIGURE 2. Schematic depicting the reduction of collinear independent variables for input into the stepwise multiple regression model. Initially, models were sorted into 
measures of muscle physiology, anthropometric measures, and IVD health. Cluster analysis was used to identify similar measures. For similar variables, principal-components 
analysis was used to separate like variables into groups (components). Within each component, Pearson correlations were used to identify collinear variables. If 2 variables 
were collinear (r>0.80 or variance inflation factor greater than 10), then the variable with the weaker contribution to the eigenvector was removed (crossed out). Abbreviations: 
BMI, body mass index; ES, erector spinae; FA, fractional anisotropy; FF, fat fraction; IVD, intervertebral disc; λ, eigenvalue; MD, mean diffusivity.
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RESULTS

Volunteer Demographics

F
orty-three male Marines (mean ± 
SD age, 26.8 ± 6.4 years; height, 1.8 ± 
0.1 m; weight, 82.0 ± 9.9 kg) volun-

teered for this study. Two subjects dropped 
out during supine imaging due to claustro-
phobia in the MRI scanner. Additionally, 
DTI data sets of 10 subjects were deemed 
unusable due to breathing or motion arti-
fact. Therefore, 31 Marines were included 
in this analysis (mean ± SD age, 27.3 ± 6.9 
years; height, 1.8 ± 0.1 m; weight, 80.6 ± 8.7 
kg). Marines excluded from the study had 
no differences in anthropometric measures 
compared with those included. Of these 
volunteers, 10 Marines self-reported expe-
riencing LBP at the time of the scan.

Coefficients of variation were rela-
tively low for dependent and independent 

variables (range, 0.04-10.61; median, 
0.16) (APPENDIX, available at www.jospt.
org). On average, the greatest variation 
was found for the IVD health measures.

Regression Model
After initial grouping of independent 
variables, collinearity resulted in the re-
moval of 8 of the 29 independent vari-
ables from the model (FIGURE 2). Collinear 
variables that were removed included 
diffusion measurements from either the 
multifidus or erector spinae, erector spi-
nae FF, and BMI. Surprisingly, 9 of 18 
dependent variables were found from 
the stepwise multiple linear regressions 
to have a significant predictor. In fact, 
FA of the erector spinae was a significant 
predictor of lumbar posture for 7 of the 
18 dependent variables measured, and 
explained 20% to 35% of the variance 

for each outcome (TABLE). In general, 
increased FA in the erector spinae was 
predictive of increased lumbar lordosis, 
lumbosacral extension, and pelvic tilt in 
each position. Additionally, decreased 
T2 relaxation of the L4-L5 IVD was a 
significant predictor of increased lumbo-
sacral extension when standing unloaded 
(P = .025, R2 = 0.192). When prone on 
elbows, increasing subject weight was a 
significant predictor of increased lumbar 
lordosis (P = .016, R2 = 0.219). No mus-
cle volume, muscle microstructure, IVD 
health, or anthropometric measures were 
significant predictors of posture when 
subjects were sitting loaded.

DISCUSSION

I
n this study, we evaluated the rela-
tionship between lumbar spine posture 
and muscle structure, IVD health, and 

anthropometric measures in 31 active-
duty male Marines in simulated, relevant, 
operational positions and loading condi-
tions. Fractional anisotropy of the erector 
spinae was a significant predictor in 7 of 
the 18 measures of lumbar spine posture 
across several different positions. For 
the standing loaded condition, FA of the 
erector spinae was a significant predic-
tor of all 3 measures of lumbar posture; 
Marines with increased FA of the erector 
spinae had a more lordotic, extended lum-
bar posture with greater sacral tilt. Muscle 
volume was not a significant predictor of 
any postural measurements, despite be-
ing a commonly used proxy for muscle 
strength.10,19 Together, the ability of FA to 
predict postural behavior in several posi-
tions and the absence of association be-
tween muscle volume and lumbar spine 
posture suggest that muscle microstruc-
ture, but not quantity—both measures 
associated with force-generating capacity 
of muscle—is an important predictor of 
lumbar spine posture.

Diffusion tensor imaging is an MRI 
technique that measures the restricted 
diffusion of water in tissues with aniso-
tropic microstructure.1 As the sarco-
lemma is considered to be the primary 

TABLE
Results From Stepwise  

Multiple Linear Regression

Abbreviations: ES, erector spinae; FA, fractional anisotropy.
*Standardized coefficient.
†Standing unloaded to standing loaded.
‡Sitting loaded to prone on elbows loaded.

Dependent Variable
Significant 
Independent Variable β* R2 P Value

Cobb angle

Standing unloaded None

Standing loaded ES FA 0.453 0.205 .02

Sitting loaded None

Prone on elbows loaded Weight 0.468 0.219 .016

Delta load† None

Delta position‡ None

Angle with respect to horizontal

Standing unloaded T2  L4-L5 −0.439 0.192 .025

Standing loaded ES FA 0.514 0.264 .007

Sitting loaded None

Prone on elbows loaded ES FA −0.480 0.23 .013

Delta load† None

Delta position‡ ES FA 0.455 0.207 .02

Sacral angle

Standing unloaded ES FA 0.442 0.195 .024

Standing loaded ES FA 0.587 0.345 .002

Sitting loaded None

Prone on elbows loaded ES FA 0.562 0.316 .003

Delta load† None

Delta position‡ None
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barrier to diffusion, DTI is believed to 
be most sensitive to changes in fiber size, 
because radial diffusion of water across 
a muscle fiber is more restricted (by the 
sarcolemma) than longitudinal diffusion 
within a muscle fiber.44,45 While it has 
been shown that FA and fiber area are 
inversely related,2,5,8,12,35 it is important 
to note that the exact relationship has 
not been validated. However, it is well 
established that muscle fiber area and 
isometric force are directly related.17,21,22 
Therefore, it appears that there is likely 
an inverse relationship between FA and 
isometric force-generating capacity of 
muscle. As such, it is inferred that when 
FA increases, the force-generating capac-
ity of a muscle decreases (ie, the muscle 
is weaker). For example, if the multifidus 
muscles in 2 Marines were imaged using 
DTI and 1 had a larger FA (smaller fiber 
size), that muscle would be expected to 
generate less overall force.

Two unique relationships between 
posture and muscle structure were found 
in this study: (1) the erector spinae, not 
the multifidus, and (2) muscle micro-
structure, not volume, were found to be 
significant predictors of lumbar posture. 
First, FA of the multifidus and FA of the 
erector spinae were found to be collin-
ear, with FA of the erector spinae being 
a stronger descriptor of the eigenvector 
from the PCA. Therefore, the multifidus 
was not included in the final statistical 
model. To verify that FA of the multifidus 
was not removed from the model because 
it had less variability than FA of the erec-
tor spinae, a coefficient of variation was 
calculated for both variables. Fractional 
anisotropy of the erector spinae had less 
variability relative to the mean than did 
FA of the multifidus (0.07 versus 0.08), 
further supporting the latter as a stronger 
descriptor of the eigenvector. While there 
is a small difference in variability of these 
measures, the variability values are both 
greater than the associated measurement 
error (0.03 and 0.04, respectively). This 
finding suggests that while the multifidus 
stabilizes the individual segments of the 
spinal column,46,47 the erector spinae may 

play a role in determining gross lumbar 
posture.

Second, while muscle volume is pro-
portional to muscle strength,17,27 muscle 
microstructure has been shown to be 
a more accurate predictor of muscle 
force-generating capacity. Clinically, the 
findings from this study are important 
because they suggest that microstructur-
al quality of the lumbar muscles is more 
important to whole lumbar posture in 
functionally loaded positions than the 
quantity or volume of muscle. This is 
not surprising given that measures of 
whole muscle size and volume are con-
founded by noncontractile tissue, such as 
fat and fibrosis. Importantly, FA may be 
a noninvasive composite measure of the 
functional contractile tissue present in 
a whole muscle, which seems to explain 
much of the variance in postural respons-
es to body position.

In this study, T2 of the L4-L5 IVD 
was found to be inversely proportional 
to lumbosacral extension when Marines 
were standing without load. This suggests 
that Marines with decreased IVD T2 val-
ues (increased IVD degeneration) at L4-
L5 have increased lumbosacral extension. 
Previously, using the Pfirrmann grading 
scale, the authors4 reported no signifi-
cant difference in lumbosacral extension 
in Marines when categorized by degen-
eration at L5-S1 (Pfirrmann grade greater 
than 2). As L5-S1 is the base of support of 
the lumbar spine, it was assumed that de-
generation at this level would have whole 
lumbar postural consequences. However, 
our findings demonstrate that health of 
the L4-L5 IVD is related to whole lumbar 
posture and, therefore, should be consid-
ered an important structural level for 
whole lumbar stability. The finding that 
single-level disc health has the potential 
to influence lumbosacral flexion high-
lights the importance of the lower lumbar 
spine as a transition zone of load between 
the trunk and body. Changes to the health 
of this region have the potential to affect 
support of the torso.

Several studies have previously at-
tempted to determine the relationship 

between lumbar lordosis and BMI. It 
appears that increased lumbar lordosis 
might be found in individuals with in-
creased BMI11,23; however, other studies 
have shown no difference.49 In this study, 
weight and BMI were found to be col-
linear, with weight being the stronger 
predictor of the eigenvector from PCA; 
therefore, BMI was dropped from the 
final statistical model. However, this is 
likely due to a larger variance in subject 
weight rather than in BMI in this rela-
tively homogeneous population. If a more 
representative cross-section of the popu-
lation were used, then these findings may 
have been different.

In this study, the researchers made 
several attempts to decrease the complex-
ity of the model to decrease the amount 
of type I error that can be associated with 
making multiple comparisons. First, this 
study does not include individual verte-
bral-level measures of muscle structure 
or lumbar posture. Second, the authors 
removed collinear variables with cluster-
ing and PCA to minimize the number of 
independent variables representing simi-
lar constructs that were entered into the 
model. Third, this study evaluated for-
ward, backward, and stepwise multiple 
linear regression models to determine 
which model was the most conserva-
tive approach. Results were the same 
with forward and stepwise elimination 
techniques, and backward elimination 
allowed for several more independent 
variables to be retained in the model, sug-
gesting that it was the least conservative 
regression approach. Therefore, the au-
thors chose to use a stepwise multiple lin-
ear regression technique, as it appeared 
to be the most conservative model.

The Marines in this study were not 
recruited based on history or presence of 
LBP at the time of the study, and approxi-
mately one third of the Marines who were 
included in this study reported LBP. It is 
important to note that no Marines had an 
episode of LBP so severe that they were 
relieved of duty. In a previous study, no 
difference in lumbar spine posture was 
found between Marines with and without 
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LBP at the time of data collection.3 No 
differences have been observed between 
Marines with and without LBP at the 
time of data collection for muscle physi-
ology, IVD health, or anthropometric 
measures (data not published). As LBP 
did not result in differences in the depen-
dent or independent variables measured, 
it is unlikely that the inclusion of Marines 
with and without LBP affected the find-
ings of this study.

There are several limitations to this 
study. First, the Marines had relatively 
normal muscle, with no underlying pa-
thology observable. In patients with pa-
thology or age-related atrophic changes 
in muscle, the volume or FF of muscle 
may be more important in predicting 
lumbar posture. Therefore, the results 
of this study may only extend to a highly 
active population. Second, the positions 
measured in this study place relatively 
small challenges on the muscles of the 
lumbar spine. A future direction of this 
research is to investigate whether muscle 
microstructure can predict posture, given 
the heavy loading conditions under which 
Marines routinely operate.

Finally, the model used in the pres-
ent study incorporated 21 variables, with 
only 31 full data sets to include. This was 
a retrospective analysis of 2 studies in-
vestigating (1) the effect of operationally 
relevant positions on lumbar posture3 
and (2) normative paraspinal muscle 
composition in active-duty Marines. It 
was determined that 43 participants were 
needed to provide adequate power to 
these studies. However, to mitigate type 
I error associated with multiple compari-
sons, the authors used the most conser-
vative statistical approach. While more 
participants may provide an increase in 
the amount of variance explained by the 
model, this study still reached signifi-
cance with 31 complete data sets.

CONCLUSION

T
he authors believe that this 
study is the first to measure the pre-
dictive capacity of lumbar muscle 

structure, IVD health, and anthropomet-
ric measures on lumbar spine posture in 
different positions. It is surprising that 
any structural variable in muscle predict-
ed any of the variance in posture, because 
many clinicians believe that short-term 
postural positions are more related to 
motor control than to strength or end or-
gan–dependent behavior.

This study found that FA of the erec-
tor spinae was a significant predictor of 
several lumbar postural measures. In 
general, decreased FA of the erector spi-
nae resulted in decreased lordosis, lum-
bosacral extension, and anterior pelvic 
tilt. This posture results in decreased 
shear stress at lower lumbar levels dur-
ing hyperlordosis and may be considered 
a more protective posture for preventing 
injury and LBP when loading the lumbar 
spine.37 Decreased FA of the erector spi-
nae can be physiologically interpreted as 
larger muscle fibers with more capacity to 
generate force. Due to the intense train-
ing and demands of their jobs, the Ma-
rines in this study were extremely active 
and trained on how to adapt their posture 
in different positions, while wearing body 
armor, to minimize their risk of injury. 
Therefore, these findings may not trans-
late to a civilian population.

The findings of this study support 
the idea that muscle strengthening/ex-
ercise may influence posture, although 
this cause-and-effect relationship needs 
to be substantiated in prospective clini-
cal research. As this relationship was 
found in a healthy population with rela-
tively little variance in muscle quality, it 
is likely that these relationships may be 
stronger in patients with LBP or injury. 
Understanding the influence of micro-
structural features of muscle on posture 
may allow clinicians to prognostically 
categorize patients into groups that may 
respond better to exercise-based treat-
ments. Future studies should take a 
more controlled approach to determine 
whether targeted exercise of the erector 
spinae muscles increases muscle qual-
ity (measured with DTI) and can elicit 
a postural response. U

KEY POINTS
FINDINGS: Fractional anisotropy of the 
erector spinae was a significant predic-
tor of lumbar lordosis, lumbar flexion, 
and sacral tilt in several different opera-
tionally relevant positions in active-duty 
Marines.
IMPLICATIONS: The finding that fractional 
anisotropy can predict postural respons-
es in several positions, along with the 
absence of association between muscle 
volume and lumbar spine posture, sug-
gests that muscle microstructure, but 
not quantity, is an important predictor 
of lumbar spine posture.
CAUTION: These findings were found in a 
group of highly active Marines and may 
not translate to a civilian population.
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Coefficient of Variation Calculated for Each Dependent Variable

Position Angle With Respect to Horizontal Sacral Angle Cobb Angle

Standing unloaded 0.05 0.17 0.18

Standing loaded 0.05 0.22 0.22

Sitting loaded 0.04 0.48 0.16

Prone on elbows loaded 0.06 0.26 0.16

Delta load 10.61 1.86 4.11

Delta position 1.18 1.30 0.37

Coefficient of Variation Calculated for Each Independent Variable

Independent Variable Coefficient of Variation

Muscle measures

Multifidus

Volume 0.14

Fat fraction 0.41

Mean diffusivity 0.05

Fractional anisotropy 0.08

Lambda 1 0.04

Lambda 2 0.04

Lambda 3 0.06

Erector spinae

Volume 0.22

Fat fraction 0.41

Mean diffusivity 0.05

Fractional anisotropy 0.07

Lambda 1 0.04

Lambda 2 0.04

Lambda 3 0.05

Psoas volume 0.13

Quadratus lumborum volume 0.19

IVD measures

T2

L1-L2 0.24

L2-L3 0.27

L3-L4 0.29

L4-L5 0.35

L5-S1 0.41

Anthropometric measures

Age 0.24

Height 0.04

Weight 0.12

Body mass index 0.11

Abbreviation: IVD, intervertebral disc.

APPENDIX
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