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[ musculoskeletal imaging ]

A 
36-year-old man with insidious 
onset of posterior right thigh pain 
that had started 1 month previ-

ously sought physical therapy consulta-
tion after his pain was nonresponsive to 
nonsteroidal anti-inflammatory drugs 
prescribed by his physician. Radiographs 
were noncontributory. He had constant 
unremitting pain of a gnawing type that 
caused difficulty in falling asleep and 
woke him at night. He reported constipa-
tion but was uncertain of altered sensa-
tion over the genital and perianal regions. 
On observation and palpation, no inflam-
matory signs or tenderness in the lower 
back and thigh were evident. Physical ex-
amination of the lumbosacral spine and 
bilateral lower-limb reflexes, sensation, 
and manual muscle testing were normal. 
He did not consent to genital/perianal 

sensory examination. The slump test was 
positive, and initial therapy with neuro-
dynamic sliders in the slump position1 
aggravated his symptoms.

Given the atypical findings of unre-
lenting pain and positive neurodynamic 
tests with normal spinal mobility and 
lower extremity neurological screen, the 
physical therapist referred him to an 
orthopaedic surgeon, who ordered mag-
netic resonance imaging. Magnetic reso-
nance imaging revealed a sacral tumor 
(FIGURE). Differential diagnosis included 
chordoma, giant cell tumor, chondrosar-
coma, plexiform neurofibroma, and os-
teosarcoma of the sacrum. Subsequently, 
a computed tomography–guided biopsy 
by a radiologist confirmed a high-grade 
sacral chondroblastic osteosarcoma. The 
patient elected nonsurgical treatment 
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and underwent 6 cycles (1 cycle every 
3 weeks) of chemotherapy (methotrex-
ate, cisplatin, and doxorubicin). Ap-
proximately 1 month after beginning the 
chemotherapy, he gradually developed 
right foot drop, urofecal incontinence, 
and diffuse edema in the right gluteal 
region. Repeat computed tomography 
at the end of the 18-week period of che-
motherapy revealed tumor infiltration 
of the right gluteal muscles and metas-
tasis to the lungs and liver, and pallia-
tive care began. He died 1 month later. 
This case highlights the importance of 
timely referral to a specialist and sub-
sequent imaging in the setting of wors-
ening pain unrelieved with a short trial 
of nonsurgical care. t J Orthop Sports 
Phys Ther 2018;48(8):665. doi:10.2519/
jospt.2018.8032

Reference
1.	 Shacklock MO. Clinical Neurodynamics: A New System of Musculoskeletal Treatment. Edinburgh, UK: Elsevier Health Sciences/Butterworth-Heinemann; 2005.

FIGURE. A chondroblastic osteosarcoma of the sacrum at the S2-3 level in a 36-year-old man. (A) Axial T2-weighted, (B) axial, contrast-enhanced, fat-saturated T1-weighted, and (C) 
sagittal, contrast-enhanced, fat-saturated T1-weighted magnetic resonance images of an ill-defined intraspinal lesion (approximately 2.8 [anteroposterior] × 2.8 [mediolateral] × 3.6 
[craniocaudal] cm) at the S2-3 level, encasing the S2 and S3 roots and extending into the sacral foramina and paraspinal soft tissue (lumbar multifidi), with scalloping/erosion of the 
posterior surface of the sacral vertebrae (S2 and S3) on the right side. The lesion appears mildly hyperintense on the T2-weighted image (A). Postcontrast evaluation demonstrated 
moderate heterogeneous enhancement of the lesion (B and C). The right sacroiliac joint shows tumor invasion on its posterior aspect (A and B).
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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-

UU BACKGROUND: The relationship between 
lumbar spine posture and muscle structure is not 
well understood.

UU OBJECTIVES: To investigate the predictive ca-
pacity of muscle structure on lumbar spine posture 
in active-duty Marines.

UU METHODS: Forty-three Marines were scanned 
in this cross-sectional study, using an upright 
magnetic resonance imaging scanner while stand-
ing without load and standing, sitting, and prone 
on elbows with body armor. Cobb, horizontal, and 
sacral angles were measured. Marines were then 
scanned while unloaded in supine using a supine 
magnetic resonance imaging scanner. The imaging 
protocol consisted of T2 intervertebral disc map-
ping; high-resolution, anatomical, fat-water separa-
tion, and diffusion tensor imaging to quantify disc 
hydration and muscle volume, fat fraction, and 
restricted diffusion profiles in the lumbar muscles. 
A stepwise multiple linear regression model was 
used to identify physiological measures predictive 
of lumbar spine posture.

UU RESULTS: The multiple regression model dem-
onstrated that fractional anisotropy of the erector 
spinae was a significant predictor of lumbar 
posture for 7 of 18 dependent variables measured, 
and explained 20% to 35% of the variance in 
each model. Decreased fractional anisotropy of 
the erector spinae predicted decreased lordosis, 
lumbosacral extension, and anterior pelvic tilt.

UU CONCLUSION: Fractional anisotropy is 
inversely related with muscle fiber size, which is 
associated with the isometric force-generating 
capacity of a muscle fiber. This suggests that 
stronger erector spinae muscles predict decreased 
lordosis, lumbosacral extension, and anterior 
pelvic tilt in a highly trained population. J Orthop 
Sports Phys Ther 2018;48(8):613-621. Epub 17 May 
2018. doi:10.2519/jospt.2018.7865

UU KEY WORDS: diffusion tensor imaging, lumbar 
spine, magnetic resonance imaging, military, 
posture, skeletal muscle
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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.
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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

ES λ1

Multifidus λ3

ES MD
Multifidus MD
Multifidus λ1

First eigenvalue
Height
BMI
Age

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

5

IVD health

Second eigenvalue
ES FA
Multifidus FA

Second eigenvalue
T2 L4-L5
T2 L5-S1

Third eigenvalue
Multifidus FF
ES FF

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

Number of 
input variables

Cluster analysis

Principal-components
analysis

Stepwise multiple 
linear regression

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. t

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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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-

UU BACKGROUND: The relationship between 
lumbar spine posture and muscle structure is not 
well understood.

UU OBJECTIVES: To investigate the predictive ca-
pacity of muscle structure on lumbar spine posture 
in active-duty Marines.

UU METHODS: Forty-three Marines were scanned 
in this cross-sectional study, using an upright 
magnetic resonance imaging scanner while stand-
ing without load and standing, sitting, and prone 
on elbows with body armor. Cobb, horizontal, and 
sacral angles were measured. Marines were then 
scanned while unloaded in supine using a supine 
magnetic resonance imaging scanner. The imaging 
protocol consisted of T2 intervertebral disc map-
ping; high-resolution, anatomical, fat-water separa-
tion, and diffusion tensor imaging to quantify disc 
hydration and muscle volume, fat fraction, and 
restricted diffusion profiles in the lumbar muscles. 
A stepwise multiple linear regression model was 
used to identify physiological measures predictive 
of lumbar spine posture.

UU RESULTS: The multiple regression model dem-
onstrated that fractional anisotropy of the erector 
spinae was a significant predictor of lumbar 
posture for 7 of 18 dependent variables measured, 
and explained 20% to 35% of the variance in 
each model. Decreased fractional anisotropy of 
the erector spinae predicted decreased lordosis, 
lumbosacral extension, and anterior pelvic tilt.

UU CONCLUSION: Fractional anisotropy is 
inversely related with muscle fiber size, which is 
associated with the isometric force-generating 
capacity of a muscle fiber. This suggests that 
stronger erector spinae muscles predict decreased 
lordosis, lumbosacral extension, and anterior 
pelvic tilt in a highly trained population. J Orthop 
Sports Phys Ther 2018;48(8):613-621. Epub 17 May 
2018. doi:10.2519/jospt.2018.7865

UU KEY WORDS: diffusion tensor imaging, lumbar 
spine, magnetic resonance imaging, military, 
posture, skeletal muscle
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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.
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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

ES λ1

Multifidus λ3

ES MD
Multifidus MD
Multifidus λ1

First eigenvalue
Height
BMI
Age

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

5

IVD health

Second eigenvalue
ES FA
Multifidus FA

Second eigenvalue
T2 L4-L5
T2 L5-S1

Third eigenvalue
Multifidus FF
ES FF

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

Number of 
input variables

Cluster analysis

Principal-components
analysis

Stepwise multiple 
linear regression

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. t

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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A 
67-year-old woman presented 
3 weeks following left total hip 
arthroplasty (THA) with a direct 

anterior approach (FIGURE 1, available at 
www.jospt.org). She received 12 physi-
cal therapy sessions over 2 months, and 
then returned to work as a nurse. One 
week after returning to work, the patient 
experienced severe left buttock pain 
and was diagnosed with degenerative 
L5-S1 spondylolisthesis and foraminal 
stenosis. Nonsurgical treatment over a 
2-month period failed, and she subse-
quently underwent L5-S1 laminectomy 
and fusion 5 months after the THA.

The patient returned to physical 
therapy 2 weeks after her laminectomy, 

ambulating with a cane. She slowly pro-
gressed in gait stability and strength 
over an 8-week period. Then, over a 
2-week period, her gait deteriorated, 
left buttock pain worsened, and left hip 
extensor and flexor strength decreased 
from 4/5 to 2–/5. She was afebrile, with 
no warmth to palpation. The patient 
was referred back to the physician, who 
ordered radiographs, which showed me-
dial migration of the hip components 
(FIGURE 2).

The patient had a revision THA the 
day after imaging, which consisted of 
bone grafting to the acetabular defect 
and replacement of the acetabular com-
ponent (FIGURE 3). Joint cultures were 

MANASI BOHRA, PT, MS, OCS,� Department of Therapy Services, University of Chicago Medicine, Chicago, IL.
DEIDRE CWIAN, PT, DPT,� Department of Therapy Services, University of Chicago Medicine, Chicago, IL.

COLLEEN PEYTON, PT, DPT, PCS,� Department of Therapy Services, University of Chicago Medicine, Chicago, IL.

Delayed Infection in a Patient  
After Total Hip Arthroplasty

positive for the bacteria Parvimonas mi-
cra. The patient was treated with intra-
venous vancomycin for 2 weeks. She then 
completed 5 months of rehabilitation and 
returned to work.

Infection following a THA occurs in 
less than 1% of patients.1 Infections are 
classified as early (less than 3 months), 
delayed (3-24 months), or late (greater 
than 24 months).2 Complications of in-
fection include prosthetic-component 
loosening and failure2 and should be 
considered when establishing differen-
tial diagnoses in patients presenting with 
joint pain who have had a THA. t J Or-
thop Sports Phys Ther 2018;48(8):666. 
doi:10.2519/jospt.2018.7727

References
1.	 American Academy of Orthopaedic Surgeons. Joint replacement infection. Available at: http://orthoinfo.aaos.org/topic.cfm?topic=A00629. Accessed March 15, 2017.
2.	Zimmerli W, Trampuz A, Ochsner PE. Prosthetic-joint infections. N Engl J Med. 2004;351:1645-1654. https://doi.org/10.1056/NEJMra040181

FIGURE 2. Anteroposterior radiograph of the pelvis taken 8 months post total hip 
arthroplasty, showing medial migration of the acetabular component, indicating loosening. 
Additionally, orthopaedic hardware is seen in the lumbar spine from spinal fusion surgery 
performed 10 weeks prior.

FIGURE 3. Anteroposterior radiograph of the pelvis taken post total hip arthroplasty 
revision, showing near anatomic alignment of the revision total hip arthroplasty.
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Q
�uality of care, as measured by the outcomes that are most 
relevant to the patient, has become a central focus of the 
effort to improve today’s health care system.28 The 2001 
publication Crossing the Quality Chasm: A New Health System 
for the 21st Century, by the Institute of Medicine,22 shifted the

cal therapy services and help consumers 
choose the best provider for their medical 
needs. Thus, statistical methods for de-
veloping clinic ranking have become an 
important area for research.15,33,34

Comprehensive and robust meth-
ods of risk adjustment are essential to 
achieve objective comparisons of patient-
reported outcome measures,45 includ-
ing functional status, for the purpose of 
clinic ranking.20 Clinic ranking allows for 
benchmark reporting15 and is integral to 
quality payment initiatives, also known 
as value-based purchasing32,41 or pay for 
performance.16 The use of patient-report-
ed outcomes data for provider ranking 
has also been promoted by the National 
Quality Forum to help reduce variation in 
health care quality.27

Risk adjustment is required when ex-
amining observational data to rank or 
compare outcomes across patients and 
providers. The risk-adjusted data allow 
for fair comparison by taking into account 
lower outcomes due to patients’ prognoses 
or medical complexities that are beyond 
the influence of the provider. Thus, risk 
adjustment aims to mitigate threats to in-
ternal validity by controlling for potential 
confounding of results that may be attrib-
uted to differences in case mix character-
istics. Therefore, risk adjustment provides 

UU BACKGROUND: The impact of risk adjustment 
on clinic quality ranking for patients treated in 
physical therapy outpatient clinics is unknown.

UU OBJECTIVES: To compare clinic ranking, based 
on unadjusted versus risk-adjusted outcomes for 
patients with low back pain (LBP) who are treated 
in physical therapy outpatient clinics.

UU METHODS: This retrospective cohort study 
involved a secondary analysis of data from adult 
patients with LBP treated in outpatient physi-
cal therapy clinics from 2014 to 2016. Patients 
with complete outcomes data at admission and 
discharge were included to develop the risk-ad-
justment model. Clinics with complete outcomes 
data for at least 50% of patients and at least 10 
complete episodes of care per clinician per year 
were included for ranking assessment. The R2 
shrinkage and predictive ratio were used to assess 
overfitting. Agreement between unadjusted and 
adjusted rankings was assessed with percentile 
ranking by deciles or 3 distinct quality ranks based 
on uncertainty assessment.

UU RESULTS: The primary sample included 414 
125 patients (mean ± SD age, 57 ± 17 years; 60% 
women) treated by 12 569 clinicians from 3048 
clinics from all US states; 82% of patients from 
2107 clinics were included in the ranking assess-
ment. The R2 shrinkage was less than 1%, with a 
predictive ratio of 1. Risk adjustment impacted 
ranking for 70% or 31% of clinics, based on deciles 
or 3 distinct quality levels, respectively.

UU CONCLUSION: Important changes in ranking 
were found after adjusting for basic patient char-
acteristics of those admitted to physical therapy 
for treatment of LBP. Risk-adjustment profiling is 
necessary to more accurately reflect quality of 
care when treating patients with LBP.

UU LEVEL OF EVIDENCE: Therapy, level 2b. J Or-
thop Sports Phys Ther 2018;48(8):637-648. Epub 
22 May 2018. doi:10.2519/jospt.2018.7981

UU KEY WORDS: functional status, patient-report-
ed outcome measures, physical therapy, provider 
ranking, risk adjustment

1Department of Physical Therapy and the Maccabi Institute for Research & Innovation, Maccabi Healthcare Services, Tel-Aviv, Israel. 2Focus On Therapeutic Outcomes Inc, Knoxville, 
TN. 3Department of Medical Social Sciences, Feinberg School of Medicine, Northwestern University, Chicago, IL. 4Intermountain Healthcare, Salt Lake City, UT. 5Department of Physical 
Therapy and Athletic Training, University of Utah, Salt Lake City, UT. 6Faculty of Rehabilitation Medicine, University of Alberta, Edmonton, Canada. 7School of Rehabilitation Science, 
McMaster University, Hamilton, Canada. The University of Utah Institutional Review Board approved this study. Drs Cook and Deutscher acknowledge that they are consultants for Focus 
On Therapeutic Outcomes Inc, the database management company that manages the data analyzed in the manuscript. Mr Werneke, Dr Hayes, and Mr Mioduski are employees of 
Focus On Therapeutic Outcomes Inc. Drs Julie Fritz and Linda Woodhouse serve on the Research Advisory Board for Focus on Therapeutic Outcomes Inc. The authors certify that they 
have no other affiliations with or financial involvement in any organization or entity with a direct financial interest in the subject matter or materials discussed in the article. Address 
correspondence to Dr Daniel Deutscher, 27 Hamered Street, Tel Aviv 68125 Israel. E-mail: deutsch_d@mac.org.il t Copyright ©2018 Journal of Orthopaedic & Sports Physical Therapy®

DANIEL DEUTSCHER, PT, PhD1  •  MARK W. WERNEKE, PT, MS, Dip MDT2  •  DEANNA HAYES, PT, DPT, MS2  •  JEROME E. MIODUSKI, MS2

KARON F. COOK, PhD3  •  JULIE M. FRITZ, PT, PhD4,5  •  LINDA J. WOODHOUSE, PT, PhD6  •  PAUL W. STRATFORD, PT, MS7

Impact of Risk Adjustment on Provider 
Ranking for Patients With Low Back  

Pain Receiving Physical Therapy

focus of health system improvement 
from volume of services to an emphasis 
on the quality of care. Patient-reported 
outcome measures are a key component 
for understanding the quality of care.29 

Risk-adjusted patient-reported outcome 
measures and clinic ranking systems 
have been recommended by the Centers 
for Medicare and Medicaid Services4 to 
meaningfully assess the quality of physi-
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a more accurate reflection of a clinic’s or 
clinician’s quality of care. The selection of 
factors for which adjustments need to be 
made remains under debate.43 However, it 
is generally accepted that quality should 
be determined based on outcomes that 
reflect the complexity of each provider’s 
patient mix.20

Risk adjustment has been used in 
physical therapy for many years.9,15,21,33-35 
For example, in 2006, Hart and Connol-
ly16 described the need for risk adjustment 
when developing a pay-for-performance 
model in outpatient physical and occu-
pational therapy. More recently, Resnik 
et al35 and Gozalo et al15 described risk-
adjustment methods to benchmark the 
performance of physical therapy clinics, 
using observational patient-reported out-
come measures of functional status. Be-
cause functional status is a major goal of 
rehabilitation treatment, it is commonly 
targeted in performance outcome mea-
surement.2,3,9,15,17,33,36 Other target out-
comes include health care costs,12 return 
to work,13,14 and value of care.24,30 Patient 
demographic and health characteristics 
are known to impact intended outcomes 
and, thus, are frequently adjusted for in 
rehabilitation studies. Demographic fac-
tors often include age, sex, race, payer 
type, and other sociodemographic indi-
ces. Frequently, adjustments for health 
factors, other than the condition being 
treated, include acuity of the condition 
(days from onset), comorbidities, and 
chronic medication use.9,15,16,35

Benchmarking without risk adjust-
ment raises a number of notable con-
cerns. Use of unadjusted patient-reported 
outcome measure data can lead to mis-
classification of provider performance, 
misalignment of payer reimbursement 
for provider services, and obscured rela-
tionships between nonmodifiable patient 
factors and outcomes of interest. Further, 
the use of such unadjusted data disincen-
tivizes providers from treating the most 
complex patients. To our knowledge, no 
studies have compared the rankings of 
physical therapy outpatient clinics, with 
or without risk adjustment of patient-re-

ported outcome data. Thus, the purpose 
of this study was to compare clinic rank-
ing results, based on raw (unadjusted) 
versus risk-adjusted patient-reported 
outcomes of functional status from  pa-
tients with low back pain (LBP), which 
accounts for some of the highest health 
care spending of all medical conditions10 
and accounts for the largest group of 
patients who seek outpatient physical 
therapy treatment.9,16 Although identi-
fication of an optimal set of adjustment 
factors was not the study’s primary aim, 
the authors examined the available pa-
tient factors known to be associated with 
functional status outcomes to establish 
an optimal risk-adjustment model for 
this data set.9,15,16 The researchers hypoth-
esized that clinic rankings would change 
substantially after risk adjustment.

METHODS

Design and Sample Selection

T
he authors conducted a second-
ary analysis of prospectively collect-
ed data from adult patients (aged 

18 years or older) with LBP treated in 
outpatient physical therapy clinics in 
the United States from 2014 to 2016. 
Patients were identified as having LBP 
by their selection of the lumbar spine 
region on the functional status survey. 
Routinely, patients are instructed to se-
lect the body area most affected and to 
identify the main cause for seeking treat-
ment. Because normal treatment was not 
altered, patient informed consent was not 
required.

All participating clinics routinely as-
sessed patient-reported outcome mea-
sures of functional status using the 
Patient Inquiry software (Focus On 
Therapeutic Outcomes Inc, Knoxville, 
TN).40 The majority of clinics (96%) that 
utilize Patient Inquiry for outcome mea-
surement are private practice or hospital-
based outpatient clinics.5 Patients who 
completed the self-reported functional 
status assessment both at admission and 
discharge were included in the develop-
ment of the risk-adjustment model.

To assess the potential for a systematic 
patient selection bias, the authors com-
pared characteristics of patients with 
complete and incomplete outcomes data. 
To increase generalizability, this study 
used 2 selection criteria to assess the im-
pact of risk adjustment on provider rank-
ing. First, only clinics with a completion 
rate equal to or greater than 50% were 
included, as recommended previously.8 
Completion rate was defined as the per-
centage of patients whose self-reported 
functional status was assessed both at 
admission and again at discharge.7 Sec-
ond, to increase representativeness of 
patients included for clinic ranking, only 
clinics with at least 10 complete patient 
episodes of care per clinician per year 
were included in the ranking assessment, 
as previously described.6,8

Data Collection
Focus On Therapeutic Outcomes Inc 
collects a standardized set of data that 
includes patient-reported outcome mea-
sures, patient demographics, and health 
characteristics, providing a wide range 
of variables to examine for associations 
with functional status outcomes.40 To 
decrease the possibility for a systematic 
bias in the collection of patient-reported 
outcomes, Focus On Therapeutic Out-
comes Inc routinely implements educa-
tional modules instructing providers on 
how to administer patient-reported out-
come measures in a neutral manner to 
their patients. The patient-reported out-
come measure of functional status was 
measured at admission and at discharge 
from therapy using the lumbar comput-
erized adaptive test (LCAT). There is 
substantial empirical evidence for the 
LCAT’s responsiveness, construct valid-
ity, and clinical interpretability.18,19,44 The 
data included the following patient fac-
tors that could be evaluated for inclusion 
in a model for risk adjustment: function-
al status at admission (continuous), age 
(continuous), sex (male/female), acu-
ity as number of days from onset of the 
treated condition (6 categories), type of 
payer (10 categories), number of related 
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surgeries (4 categories), exercise history 
(3 categories), use of medication at in-
take for the treatment of LBP (yes/no), 
previous treatment for LBP (yes/no), 
treatment post surgery (lumbar fusion, 

laminectomy, or other), and 31 comor-
bidities, excluding only the comorbidity 
of back pain, a condition expected to ex-
ist in the target population of this study 
(TABLE 1).

Assessment of Patient Selection Bias
To assess possible patient selection bias 
and the impact of selection criteria on 
the ranking results, the authors com-
pared the characteristics of 3 sets of pa-

	

TABLE 1 Health and Demographic Patient Characteristics*

Patient Characteristic Total Incomplete Outcomes
Complete Outcomes 
Selected for Ranking

Complete Outcomes Not 
Selected for Ranking

n 618199 204074 341642 72483

Mean ± SD (minimum-maximum) FS score at admission 48.6 ± 12.8 (0-98) 48.2 ± 13.3 (0-98) 48.8 ± 12.5 (0-98) 48.9 ± 12.6 (0-98)

Mean ± SD (minimum-maximum) FS LCAT score at discharge … … 62.9 ± 16.3 (0-99) 62.0 ± 16.3 (0-98)

Mean ± SD (minimum-maximum) age, y 55.6 ± 16.9 (18-116) 52.7 ± 16.7 (18-116) 57.0 ± 16.8 (18-116) 57.5 ± 17.0 (18-116)

Sex: female 60.0 60.3 59.8 60.2

Acuity

0-7 d 4.0 4.1 4.0 3.9

8-14 d 6.4 6.2 6.5 6.4

15-21 d 7.8 7.6 7.8 8.0

22-90 d 23.3 22.5 23.6 23.8

91 d to 6 mo 12.5 12.4 12.6 12.8

>6 mo 46.0 47.2 45.5 45.2

Payer

Indemnity insurance 3.7 5.0 2.6 5.4

Medicaid 6.0 8.4 4.8 4.9

Medicare A 1.4 1.2 1.3 1.9

Medicare B, under age 65 4.2 4.8 3.8 4.6

Medicare B, age 65 or above 24.6 17.4 27.8 30.2

Patient 0.6 0.7 0.5 0.4

Workers’ compensation 5.7 4.9 5.9 6.6

Other (litigation, Medicare C, school, no charge, early inter-
vention, commercial insurance)

8.7 10.0 8.0 8.8

No fault, auto insurance 1.4 1.2 1.6 1.5

HMO, preferred provider 43.6 46.5 43.5 35.6

Surgical history

No related surgery 81.8 83.5 80.9 81.0

1 related surgery 11.7 10.3 12.4 12.3

2 related surgeries 3.7 3.5 3.9 3.8

3 or more related surgeries 2.8 2.7 2.8 2.9

Exercise history

At least 3 times per week 38.6 37.3 39.0 40.1

1-2 times per week 24.2 24.5 24.1 24.2

Seldom or never 37.2 38.2 36.9 35.8

Medication use at intake 56.0 55.2 55.1 54.6

Previous treatment 49.0 49.3 49.8 48.9

Lumbar surgery procedure

Fusion 1.3 0.9 1.6 1.4

Laminectomy/foramenectomy/discectomy 1.4 1.0 1.6 1.6

Other surgical codes 0.1 0.1 0.1 0.1

Table continues on page 640.
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tients: those with incomplete outcomes 
data, and those with complete outcomes 
data who were either selected or not 
selected for ranking (TABLE 1). Addition-
ally, the researchers assessed the impact 

of adjusting for patient censoring, using 
inverse probability weighting on the re-
sults. In this method, complete cases are 
weighted by the inverse of their proba-
bility of being a complete case.38 Hence, 

patients less likely to have complete 
functional status data were given more 
weight in the risk-adjusted model than 
those who were likely to have complete 
data.37 The authors compared predictions 

	

TABLE 1 Health and Demographic Patient Characteristics* (continued)

Abbreviations: AIDS, acquired immune deficiency syndrome; BMI, body mass index; FS, functional status; HIV, human immunodeficiency virus; HMO, 
health maintenance organization; LCAT, lumbar computerized adaptive test.
*Patient characteristics at admission to physical therapy for the sample used to develop the risk-adjusted model (total), the sample used for the ranking analyses 
(selected), and the sample excluded from the ranking analyses (not selected). Values are percent unless otherwise indicated.
†Values in parentheses are median, interquartile range, reported for number of comorbidities due to the skewed distribution.
‡Back pain was not allowed to enter the risk-adjusted model.

Patient Characteristic Total Incomplete Outcomes
Complete Outcomes 
Selected for Ranking

Complete Outcomes Not 
Selected for Ranking

Mean ± SD comorbidities, n† 4.9 ± 3.3 (4, 5) 4.9 ± 3.3 (4, 5) 5.0 ± 3.2 (4, 4) 4.9 ± 3.3 (4, 5)

Specific comorbidities

Allergy 26.7 25.6 27.1 26.7

Angina 1.6 1.6 1.6 1.6

Anxiety or panic disorders 15.4 20.2 15.7 15.4

Arthritis 48.3 43.4 48.3 48.3

Asthma 11.2 12.1 11.0 11.2

Back pain (neck pain, low back pain, degenerative disc disease)‡ 79.8 79.5 80.2 79.8

Cancer 8.7 6.8 8.4 8.7

Chronic obstructive pulmonary disease 4.2 4.5 4.2 4.2

Congestive heart failure 5.4 4.8 5.5 5.4

Depression 17.9 22.0 17.9 17.9

Diabetes type I or II 13.9 12.8 13.9 13.9

Gastrointestinal 18.6 18.0 18.9 18.6

Headaches 22.1 26.6 22.2 22.1

Hearing 7.0 5.7 6.9 7.0

Hepatitis/HIV/AIDS 1.1 1.3 1.0 1.1

High blood pressure 37.9 33.4 38.1 37.9

Heart attack (myocardial infarction) 3.2 3.0 3.2 3.2

Incontinence 6.9 5.9 6.6 6.9

Kidney, bladder, prostate, or urination problems 11.5 10.2 11.3 11.5

Neurological disease 2.0 1.8 1.9 2.0

Obesity (BMI ≥30 kg/m2) 39.1 41.0 40.0 39.1

Osteoporosis 10.9 8.7 10.4 10.9

Other disorders 4.8 5.4 5.2 4.8

Peripheral vascular disease (or claudication) 1.8 1.7 1.8 1.8

Previous accidents (motor vehicle, work, or other accident) 13.5 13.8 13.3 13.5

Previous surgery 37.6 34.4 37.6 37.6

Prosthesis/implants 7.2 5.9 7.3 7.2

Sleep dysfunction 19.7 21.6 19.9 19.7

Stroke or transient ischemic attack 3.5 3.1 3.3 3.5

Visual impairment 11.7 9.0 11.2 11.7

Pacemaker 0.8 0.7 0.8 0.8

Seizures 0.6 0.9 0.7 0.6
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created by the unweighted and weighted 
models.

Risk-Adjustment Modeling
Risk-adjustment models were construct-
ed and assessed for predictive validity 
in 3 steps. First, the researchers used a 
backward, stepwise, linear ordinary-
least-square regression to identify patient 
factors that significantly contributed to the 
prediction of functional status outcomes 
at discharge. The backward stepwise pro-
cedure allows variables to be removed and 
entered in a sequential manner to create 
the most parsimonious final model. To ad-
just for the large data set available and to 
reduce the risk of getting statistically sig-
nificant results with minimal deviations 
from the null hypothesis, variables were 
entered if the significance of their t value 
was less than 0.005 (entry level) and re-
moved if the significance was greater than 
0.01 (removal level).

Categorical variables were tested in 
comparison to a reference category repre-
sented by the largest category for nominal 
data (eg, payer categories) or the largest 
of the extreme (minimal or maximal) cat-
egory for ordinal variables (eg, acuity). 
Multiple regression models in general, 
and stepwise procedures specifically, have 
a risk of overinterpretation based on the 
particular characteristics of the sample 
at hand, a phenomenon known as over-
fitting.1 Because of the large sample size 
examined and the generous ratio of cases 
per number of predictors tested, the au-
thors expected the risk of overfitting to 
be minimal, even when adopting strict 
criteria for the ratio between sample size 
and number of predictors.26 Nonetheless, 
assessing for model overfitting—yielding 
findings that will not replicate in a differ-
ent sample—is necessary.

Second, to assess for overfitting, the 
authors examined results from 3 cross-
validation analyses using 2 randomly and 
evenly split samples: a development sam-
ple and a test sample. The researchers fit 
the stepwise regression model separately 
for the development and test samples. 
Variables that were significant in both 

samples were identified as being “stable” 
and tested in the final model. Next, the 
authors calculated the R2 shrinkage1 and 
the predictive ratio.16 The R2 shrinkage 
was assessed using several approaches. 
The authors compared the adjusted R2 
to the unadjusted R2 results from the 
stepwise regression. The adjusted R2 
is an estimate of what the fit of the re-
gression model would be if it were fitted 
against a new data set, assuming that 
all the degrees of freedom have been ac-
counted for.1 The authors then used the 
development sample to estimate the pre-
dicted functional status at discharge for 
the full sample (development and test 
samples). The predicted estimate was 
then fitted against the functional status 
scores at discharge using only the test 
sample. This study compared the predic-
tive power (R2) of the test sample, using a 
prediction model created using the devel-
opment sample, to the R2 of the develop-
ment sample. Shrinkage is defined as the 
decrease in R2 between the development 
sample and the test sample.

Although there are no clear standards 
for acceptable levels of shrinkage, the au-
thors considered shrinkage of less than 
10% to be sufficient to support the gen-
eralizability of the model’s coefficients. 
As a confirmation analysis, a previously 
recommended bootstrap procedure39 
was applied using the “regvalidate” Stata 
(StataCorp LLC, College Station, TX) 
program.11 To estimate the predictive ra-
tio, the mean predicted discharge func-
tional status scores of the test sample, 
estimated using the development sample, 
were divided by mean actual discharge 
functional status scores obtained from 
the test sample.23 When the average pre-
dicted discharge functional status was 
close to the average actual discharge 
functional status, that is, the predictive 
ratio was close to 1, the predictive validity 
of the regression model was considered to 
be supported.16,23

Third, the final model’s error terms (re-
siduals) for the test sample were visually 
inspected to assess for normality and ho-
moscedasticity—that is, deviations of the 

residuals are constant across the predicted 
outcome. Normality and homoscedasticity 
are assumptions of linear regression. The 
residual was the difference between the 
actual and predicted outcomes, with posi-
tive and negative residuals representing 
higher and lower outcomes, respectively. 
The authors preferred the visual inspec-
tion over statistical testing, because large 
data sets tend to have substantial power 
and can yield statistically significant re-
sults when there are only trivial deviations 
from normality and homoscedasticity. 
Normality was inspected by plotting a 
normal distribution line against the distri-
bution of the residuals. Homoscedasticity 
was inspected by fitting a regression line 
to the squared residuals across the pre-
dicted outcome. A horizontal fitted line 
supports homoscedasticity.

Impact of Risk Adjustment  
on Clinic Ranking
To assess impact of risk adjustment on 
clinic ranking, this study compared unad-
justed to risk-adjusted outcomes. For un-
adjusted outcomes, the authors used each 
clinic’s mean raw functional status score 
at discharge. For risk-adjusted outcomes, 
they used each clinic’s mean residual 
score, because the residual reflects the dif-
ference between the predicted discharge 
score and the actual discharge score.

Unadjusted and risk-adjusted out-
comes were compared using 2 ranking 
methods. First, clinics were ranked by 
percentiles and further divided into 10 
equal groups (deciles). The decision to 
examine by deciles was arbitrary and 
based on an assumption that 10 ranking 
groups would represent a categorization 
that was easy to interpret and meaningful 
to clinicians, managers, and payers.

Second, uncertainty assessments, as 
recommended previously,25 were used 
to rank clinics into 3 significantly differ-
ent quality levels (high, average, or low) 
based on the 95% confidence interval 
(CI) of each clinic’s average unadjusted 
or risk-adjusted outcome. For clarity, the 
authors refer to this ranking method as 
quality ranking, implying that each rank 
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represents a statistically unique quality 
level. Percentile-based ranking does not 
assume that ranks are statistically unique. 
A quality ranking of high or low, respec-
tively, was achieved when the clinic’s en-
tire 95% CI range fell above or below that 
of the average.15 All remaining clinics were 
ranked as average. For each of these 2 
ranking methods, the researchers assessed 
percent agreement and chance-corrected 
agreement (using Cohen’s kappa) of unad-
justed and risk-adjusted rankings.

All analyses were conducted using 
Stata Version 14 (StataCorp LLC). The 
University of Utah Institutional Review 
Board approved the study protocol.

RESULTS

Patient Sample

T
he primary sample of patients 
who completed the patient-report-
ed outcome measure data at intake 

included 618 199 episodes of care. From 

these patients, 414 125 (mean ± SD age, 
57 ± 17 years; 60% female) completed 
the LCAT at admission and discharge, 
representing a completion rate of 67%. 
After applying the 2 criteria for inclusion 
in the ranking analyses, the remaining 
sample included 341 642 patients treated 
by 6934 clinicians in 2107 clinics from all 
the states and the District of Columbia. A 
diagram showing the progression of the 
study sample is presented in FIGURE 1.

Patients selected (n = 341 642) or not 
selected (n = 72  483) for ranking had 
practically identical functional status in-
take scores, age, and acuity levels. Other 
differences identified between selected 
and excluded samples were identified 
but were interpreted as having negligible 

clinical importance. Patients selected 
for ranking who had complete outcomes 
data (n = 341 642), compared to patients 
with incomplete data (n = 204 074), had 
similar but slightly higher functional sta-
tus scores at admission, were older and 
slightly less chronic, and had a higher 
rate of workers’ compensation and auto 
insurance payer types, more surgeries 
related to their LBP, a higher rate of ex-
ercise history, a lower rate of depression, 
and a slightly higher rate of diabetes 
(TABLE 1). The comparison of predictions 
created by the unweighted and weighted 
models using inverse probability weight-
ing resulted in practically identical mean 
and median predictions, with no impact of 
inverse probability weighting on ranking 

Primary sample, n = 618199
Adults (age ≥18 y) treated for low back pain 

by year:
• 2014, n = 132118 (21%)
• 2015, n = 216020 (35%)
• 2016, n = 270061 (44%)

Complete outcomes, n = 414125 (67%)
Completed PROM at admission and 

discharge:
• 12569 clinicians
• 3048 clinics
• 50 US states and DC

Met first ranking criterion of at least 50% 
clinic completion rate, n = 382592

• 11291 clinicians
• 2720 clinics
• 50 US states and DC

Met second ranking criterion of at least 
10 patients per clinician per year, 
n = 341642

• 6934 clinicians
• 2107 clinics
• 50 US states and DC

FIGURE 1. Patient sampling method. Abbreviation: 
PROM, patient-reported outcome measure.

TABLE 2
Risk-Adjusted Model: Associations Between 

Patient Characteristics at Admission  
and FS at Discharge*

Significant Predictors of FS at Discharge β† t‡

Intercept 42.4 (42.1, 42.7) 280.9

FS score at admission§ 0.6 (0.6, 0.6) 320.6

Age –0.1 (–0.1, –0.1) –69.3

Sex: female –0.3 (–0.4, –0.3) –8.0

Acuity (>6 mo)

0-7 d 12.5 (12.3, 12.7) 116.4

8-14 d 9.2 (9.0, 9.3) 105.8

15-21 d 7.0 (6.8, 7.1) 88.0

22-90 d 4.2 (4.1, 4.3) 78.7

91 d to 6 mo 1.8 (1.7, 1.9) 27.7

Payer (HMO, preferred provider)

Indemnity insurance –2.6 (–2.9, –2.4) –22.5

Medicaid –4.7 (–4.9, –4.5) –47.7

Medicare A –1.4 (–1.7, –1.1) –8.4

Medicare B under age 65 y –3.0 (–3.2, –2.8) –28.2

No fault, auto insurance –4.2 (–4.5, –3.8) –25.3

Workers’ compensation –5.7 (–5.9, –5.5) –64.0

Other (litigation, Medicare C, school, no charge, early 
intervention, commercial insurance)

–1.1 (–1.3, –1.0) –15.0

Surgical history (no related surgery)

1 related surgery –1.8 (–1.9, –1.7) –27.4

2 related surgeries –2.9 (–3.1, –2.6) –26.3

3 or more related surgeries –3.7 (–4.0, –3.5) –29.9

Exercise history (seldom or never)

At least 3 times per week 1.3 (1.2, 1.4) 27.0

1-2 times per week 0.6 (0.5, 0.7) 12.1

Table continues on page 643.
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change after risk adjustment (data avail-
able on request).

Risk-Adjustment Modeling
The risk-adjusted model, developed us-
ing all patients completing the LCAT at 
admission and discharge (n = 414 125), is 
described in TABLE 2. The dependent vari-
able was functional status at discharge. 
The model identified 11 constructs that 
explained 37% of the variance in dis-
charge functional status, with func-
tional status at admission, acuity, payer 
type, and age being the most important 
predictors. Results from different ap-
proaches used to estimate R2 shrinkage 
ranged between 0.0% and 0.1%. The re-

searchers are not aware of an agreed-on 
value for an acceptable level of shrinkage. 
However, the authors considered shrink-
age of less than 1% to strongly support 
the model’s external validity. The average 
predicted discharge functional status of 
the test sample (n/2 = 207 063), estimat-
ed using the development sample, was 
practically identical to the average actual 
discharge functional status obtained by 
the test sample (62.743 and 62.737, re-
spectively). The authors interpreted this 
as an almost perfect predictive ratio of 
1.0, providing additional support for the 
predictive validity of the final model.

Plots of the model’s residuals for 
normality and homoscedasticity are 

presented in FIGURE 2 and FIGURE 3, re-
spectively. The results supported nor-
mality, with only slight deviations. 
Residuals were consistent across the 
predicted functional status scores, sup-
porting homoscedasticity.

Impact of Risk Adjustment  
on Clinic Ranking
The comparison of clinic ranking by de-
ciles of unadjusted (raw) and risk-adjusted 
outcomes is presented in TABLE 3. Higher 
rankings represent higher outcomes, and 
cells represent number of clinics. The clin-
ics along the diagonal (marked in bold) 
represent the agreement between un-
adjusted and risk-adjusted ranks, which 
was 30% (Cohen’s κ = 0.22; 95% CI: 0.21, 
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FIGURE 2. Visual inspection of normality of residuals. 
Distribution of the error term (residuals) from the risk-
adjusted model, compared to the normal distribution. 
A distribution of residuals that is close to normal 
supports the normality assumption of linear regression. 
The mean was 0.09 and the median was 1.03.
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FIGURE 3. Visual inspection of homoscedasticity. 
Distribution of residuals (squared) across the range 
of the predicted FS scores at discharge. The fitted line 
represents fitted values for the squared residuals. A 
horizontal fitted line supports the homoscedasticity 
assumption of linear regression; that is, deviations of 
residuals are constant across the predicted outcome. 
Abbreviation: FS, functional status.

TABLE 2
Risk-Adjusted Model: Associations Between 

Patient Characteristics at Admission  
and FS at Discharge (continued)*

Abbreviations: BMI, body mass index; FS, functional status; HMO, health maintenance organization.
*Patients, n = 414 125. Adjusted R2 = 37.3%. Reference group for categorical variables is in parentheses.
†Coefficient indicating the amount of expected change in discharge FS given a 1-unit change in the 
value of the variable, given that all other variables in the model are held constant. Values in parenthe-
ses are 95% confidence interval.
‡Values indicate the importance of each independent variable for predicting discharge FS (dependent 
variable). All t values were significant at the .001 level.
§Higher FS scores represent higher levels of functioning.

Significant Predictors of FS at Discharge β† t‡

Medication use at intake –1.3 (–1.4, –1.2) –29.9

Previous treatment –1.5 (–1.6, –1.5) –36.4

Lumbar surgery procedure (no surgical codes)

Fusion 1.5 (1.2, 1.9) 9.2

Laminectomy/foramenectomy/discectomy 2.3 (1.9, 2.6) 13.5

Specific comorbidities

Angina –0.6 (–1.0, –0.3) –3.9

Anxiety –0.9 (–1.1, –0.8) –14.7

Arthritis –1.1 (–1.2, –1.0) –23.2

Asthma –0.3 (–0.4, –0.1) –3.9

Chronic obstructive pulmonary disease –1.0 (–1.2, –0.8) –9.5

Depression –1.1 (–1.2, –1.0) –18.1

Diabetes type I or II –0.6 (–0.7, –0.5) –10.0

Headaches –1.2 (–1.3, –1.1) –23.3

Incontinence –0.8 (–1.0, –0.6) –9.1

Kidney, bladder, prostate, or urination problems –0.4 (–0.5, –0.2) –5.6

Neurological disease –1.3 (–1.6, –1.0) –8.7

Obesity (BMI ≥30 kg/m2) –0.6 (–0.7, –0.5) –14.5

Osteoporosis –0.5 (–0.6, –0.4) –7.3

Previous accidents –0.5 (–0.6, –0.4) –8.7

Sleep dysfunction –1.2 (–1.3, –1.1) –22.3

Stroke –0.5 (–0.7, –0.3) –4.6
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0.23; P<.001). Clinics above the diagonal 
had an increase in their decile rank in the 
risk-adjusted model, and clinics below 
the diagonal had a decrease in their decile 
rank in the risk-adjusted model. Ranking 
changed for 70% of clinics. The percent 
of clinics moving to higher or lower decile 
ranking categories by 1, 2, 3, or 4 or more 
ranks was 32%, 20%, 10%, and 8%, re-
spectively (FIGURE 4A).

The comparison of clinic quality 
ranking for unadjusted and risk-adjust-
ed outcomes is presented in TABLE 4. The 
agreement between unadjusted and 
risk-adjusted ranks by the 3 quality lev-
els was 69.0% (Cohen’s κ = 0.5; 95% CI: 
0.47, 0.53; P<.001), with 31% of clinics 
moving up or down by 1 rank (FIGURE 

4B). FIGURE 5 illustrates how clinics were 
grouped into the 3 quality levels and 
were impacted by risk adjustment, with 
FIGURE 5A showing risk-adjusted aver-
age outcome and 95% CI, and FIGURE 5B 
showing the average risk-adjusted and 
unadjusted clinic outcomes. For com-
parison, both risk-adjusted and unad-
justed outcomes were centered to zero, 
representing the overall average clinic 
outcome.

DISCUSSION

T
he authors compared clinic 
ranking based on the raw data versus 
the risk-adjusted data from patient-

reported outcomes of functional status 
for patients with LBP treated in physical 
therapy. This study used 2 ranking meth-
ods, 10 equal groups (deciles) or 3 dis-
tinct quality groups (high, average, and 
low), to assess the impact of risk adjust-
ment on clinic ranking. The researchers 
found that 70% of clinics changed decile 
rank and 31% changed quality group-
ing rank following risk adjustment. This 
supports the hypothesis that the ranks 
would be substantially different after risk 
adjustment. This study demonstrates the 
impact of risk adjustment on ranking for 
outpatient physical therapy clinics man-
aging patients with LBP. Ranking that is 
based on unadjusted (raw) data would 
generate erroneous results and obscure 
meaningful interpretation of the qual-
ity of services by patients, payers, policy 
makers, and providers.

Ranking of performance is funda-
mentally different from ranking for other 
purposes, where examining unadjusted 

aggregated measures might be appropri-
ate. For the purpose of identifying clinics 
that have the highest percentage of pa-
tients with a particular characteristic (eg, 
patients above 75 years of age), the un-
adjusted measure would suffice. In such 
a case, the purpose of ranking providers 
could be to identify their need for edu-
cation on geriatric rehabilitation; thus, 
understanding the reasons older patients 
seek treatments in specific clinics would 
not be important. However, as shown by 
these results, it is essential to understand 
characteristics associated with the in-
tended outcome and to control for those 
that are outside of the provider’s influ-
ence when ranking clinics by their aver-
age clinical outcomes.

This risk-adjusted model included 11 
constructs (functional status at admission, 
age, sex, acuity level, payer, surgical and 
exercise histories, medication use at in-
take, previous treatment, lumbar surgery 
procedures, and specific comorbidities) 
found to be significantly associated with 
functional status at discharge. The t val-
ues for the different coefficients allowed 
identification of the importance of the 
different predictors, with higher absolute 

TABLE 3 Ranking Comparison by Decile (Raw/OLS)*

Unadjusted 
Rank (Raw)‡ 1 2 3 4 5 6 7 8 9 10

1 131 46 18 6 5 0 2 2 1 0

2 45 54 44 30 15 9 6 4 3 1

3 18 39 51 33 32 18 13 3 2 2

4 10 31 37 33 32 32 17 11 5 2

5 3 24 30 35 32 26 36 11 10 4

6 2 12 12 27 39 44 29 24 18 4

7 0 2 11 25 22 32 44 37 23 14

8 0 2 3 13 22 33 33 43 42 20

9 2 1 4 7 9 10 21 54 68 35

10 0 0 1 1 3 7 9 22 39 128

Abbreviation: OLS, ordinary least square.
*Values are number of clinics (total n = 2107). Ranks are assigned by decile, with higher ranks rep-
resenting higher outcomes. Clinics marked in bold are those that did not change rank following risk 
adjustment.
†Based on the average clinic residual from the OLS model.
‡Based on the raw score of functional status at discharge.
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FIGURE 4. Percentage of clinics that changed rank 
following risk adjustment for (A) the decile ranking 
method and (B) a ranking method using 3 quality 
levels (high, average, and low).
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values representing higher importance 
(TABLE 2). After functional status score at 
admission, the most important predictors 
were acuity, payer type, and age.

From a statistical perspective, a model 
including only these 4 constructs would 
retain most of the model’s power while 
reducing the data-collection burden. 
However, retaining additional constructs 
affects the predicted outcomes of some 
patients. For example, depression was 
not 1 of the 4 constructs that had the 
greatest predictive power. With depres-
sion included and assuming all other 
modeled constructs were constant, the 
predicted functional status score at dis-
charge for a patient with depression who 
had previous treatment for the condi-
tion would be 2.6 less than it would have 
been had these factors been left out of 
the model. A similar predicted outcome 
(–2.5 points) was found for patients with 
headaches and medication use at intake. 
Thus, inclusion of additional predictors 
had some impact on prediction and, im-
portantly, may lead to greater acceptance 
by practicing clinicians.

From a clinician’s perspective, a model 
that only includes predictors that con-
tribute most to its predictive power may 
be deemed inadequate and unfair when 
caring for patients with a wide variety of 

complexities that impact the clinical pre-
sentation and expectations for treatment 
results. Successful translation of research 
into clinical practice becomes more feasi-
ble when front-line clinicians are assured 
that multiple factors are accounted for in 
a model used to assess their performance. 
This study does not provide a definitive 
list of factors to be risk adjusted, and other 
factors may be relevant, depending on the 
study population, clinicians, the outcome 
measure, or specific study purposes.

As illustrated by this study, differ-
ent ranking methods can yield different 
results. Percentile-based ranking ap-
proaches seem intuitive and easy to com-
prehend and implement, but they are 
highly susceptible to the number of rank-

ing categories used. For example, had the 
clinics been categorized by their actual 
percentile (100 equal groups) instead of 
10 groups (deciles), then the impact of 
risk adjustment on clinic ranking would 
have been larger, because less change 
would be needed to change rank. There-
fore, this study’s choice of deciles should 
be considered arbitrary. Percentile rank-
ing does not consider the amount of error 
in the estimates, so adjacent ranks cannot 
be assumed to be significantly different 
from each other. Thus, as previously rec-
ommended,25 the authors also examined 
provider ranking that included uncertain-
ty assessments (95% CIs of clinics’ average 
outcomes). This ensured that differences 
in rank represented significant differences 

TABLE 4
Ranking Comparison by 3 Outcome  

Levels (Raw/OLS)*

Unadjusted Rank (Raw)‡ Low Average High

Low 440 196 11

Average 164 746 88

High 14 180 268

Abbreviation: OLS, ordinary least square.
*Values are number of clinics (total n = 2107). Ranks are assigned by 3 outcome levels. Clinics marked 
in bold are those that did not change rank following risk adjustment.
†Based on the average clinic residual from the OLS model.
‡Based on the raw score of functional status at discharge.
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FIGURE 5. Clinic ranking using average clinic outcomes used to rank clinics into 3 quality levels (high, average, and low). Clinics were sorted in ascending order of their risk-
adjusted outcomes. Outcomes were centered to zero to allow comparison of risk-adjusted and unadjusted outcomes. (A) The risk-adjusted clinic outcome with 95% CIs. Each 
bar represents a clinic. A high- or low-quality rank was achieved when the clinic’s entire 95% CI range fell above or below zero, respectively. All remaining clinics were ranked 
as average. For clarity, only every 10th clinic was included. (B) Every clinic’s risk-adjusted (blue bar) and unadjusted (orange bar) average outcome. Large deviations between 
adjusted and unadjusted outcomes (blue or orange bars per clinic) represent large impact of risk adjustment on clinic ranking. For clarity, only every 20th clinic was included. 
Abbreviation: CI, confidence interval.
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in providers’ quality, as defined by func-
tional status score improvement.

The impact of risk adjustment on clinic 
ranking can also be studied using hierar-
chical multilevel modeling to account for 
nonrandom variation in the distribution 
of patients within clinicians and/or clin-
ics.15,42 Multilevel models aim to make up 
for unavailable data that could account 
for patients being treated by specific clini-
cians within specific clinics (patient nest-
ing). Significant variance in outcomes 
attributed to patient nesting suggests 
that nesting is not random and, therefore, 
needs to be included in risk adjustment.31

The challenge in applying multilevel 
models for patient nesting is that such 
models adjust both for factors that are 
and are not influenced by providers. 
Some patient sociodemographic factors 
(eg, education, income level) may be as-
sociated both with functional outcomes 
and with which provider is seen. These 
factors are not within providers’ control, 
and it would be appropriate to adjust for 
them in quality rankings. However, other 
variables are within the clinician’s control 
and should not be “adjusted out” of the 
rankings. For example, clinicians’ abilities 
to personally connect and communicate 
with their patients, clinical examination 
and intervention skills, and ease of sched-
uling convenient appointments can be 
influenced by providers. The use of mul-
tilevel models that account for nesting 
within clinics or providers could adjust 
for, and thus mask, quality differences 
among providers that are the target of the 
ranking. Because the data available in the 
current study did not allow for differen-
tiation between these different types of 
nonrandom patient nesting, the authors 
do not present the multilevel modeling 
results here (results available on request). 
Studies comparing the impact of single-
level and multilevel modeling on provider 
ranking are needed to improve the pro-
fession’s ability to select the most appro-
priate modeling methods.

This study had some limitations. First, 
the authors assessed ranking based on 
patient-reported outcomes of functional 

status without incorporating cost data 
needed to implement value-based pur-
chasing or pay-for-performance initia-
tives.28,30,32,41 Studies examining the best 
methods to adjust for rehabilitation cost, 
incorporated within a value-based model, 
are warranted.24

Second, to minimize potential for pa-
tient selection bias, this study used strict 
inclusion criteria. This resulted in 18% 
of the complete outcomes data being ex-
cluded from the ranking analyses. Similar 
inclusion criteria have been proposed and 
used previously to strengthen the external 
validity of the study’s sample by excluding 
clinics and clinicians that tend to include 
a minority of their patients in complete 
outcomes collection.8 However, any pa-
tient censoring could introduce selection 
bias. Patients selected or not selected for 
ranking had practically identical func-
tional status intake scores and acuity lev-
els (TABLE 1), which reduced the potential 
for a systematic selection bias, as both fac-
tors are known to be among the stronger 
predictors of functional status outcomes.9 
Other differences between the included 
and excluded samples were judged to be 
trivial and without clinical relevance.

Another potential source of patient 
selection bias was patient censoring due 
to missing functional status at discharge, 
which precluded ranking based on func-
tional status outcomes. The comparison 
of patients with incomplete and complete 
outcomes data (TABLE 1) showed some dif-
ferences supporting and some not sup-
porting the chance for a potential patient 
selection bias. For example, patients with 
complete outcomes data were slightly 
less chronic, had a higher rate of exercise 
history, and a lower rate of depression—
characteristics found to be associated 
with higher functional status outcomes. 
However, these patients were also older, 
had a higher rate of workers’ compensa-
tion and auto insurance payer types, and 
had more related surgeries and a slightly 
higher rate of diabetes—characteristics as-
sociated with lower functional status out-
comes. Additionally, the lack of impact of 
inverse probability weighting on ranking 

change after risk adjustment supported 
mostly random patient censoring, reduc-
ing the potential for a systematic patient 
selection bias. However, inverse probabil-
ity weighting might not have been able to 
correct for nonrandom patient censoring 
using the available data. In this case, selec-
tion bias might still exist and is, therefore, 
acknowledged here as a limitation.

CONCLUSION

O
ur study demonstrated impor-
tant changes in provider ranking 
when a risk-adjustment method 

was used to account for basic patient 
characteristics at admission to physical 
therapy for patients treated for LBP. The 
results support the need for risk adjust-
ment when profiling providers based on 
their patients’ outcomes. Failing to do so 
could discourage clinicians from treat-
ing sicker patients with characteristics 
known to be associated with lower pre-
dicted functional status outcomes. Ad-
ditional risk-adjustment studies should 
be conducted using sophisticated sci-
entific approaches that ensure minimal 
bias when evaluating the performance of 
clinical care providers. t

KEY POINTS
FINDINGS: Important changes in provider 
ranking were identified when adjusting 
for basic patient characteristics at ad-
mission to physical therapy for patients 
treated for low back pain.
IMPLICATIONS: Results emphasize the need 
for risk adjustment when profiling pro-
viders based on their patients’ outcomes 
to avoid discouraging clinicians from 
treating patients with characteristics 
known to be associated with lower pre-
dicted functional status outcomes.
CAUTION: The use of ranking methods 
other than those applied in this study 
might have generated different results.

ACKNOWLEDGMENTS: The authors thank the 
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their facilities across the United States en-
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F
emoroacetabular impingement (FAI) syndrome is an 
increasingly recognized clinical diagnosis for hip pain in young 
and middle-aged adults. Individuals who present with hip 
pain in combination with structural hip morphology thought 

to contribute to premature contact between the proximal femur and 
acetabulum are classified as having FAI syndrome.17 While there is 
agreement that movement contributes to FAI syndrome,17 a very small

greater percentage of the surgical popu-
lation.9 Additionally, these studies report 
only on the involved or painful limb dur-
ing gait, despite the frequent presence 
bilaterally of structural morphology con-
sistent with FAI syndrome.

Given these limitations, a study that 
contributes to the understanding of 
gait in both males and females with FAI 
syndrome is warranted. Therefore, the 
purpose of this study was to evaluate sex-
specific differences in individuals with FAI 
syndrome compared to individuals with-
out hip pain, walking at both their pre-
ferred speed as well as a prescribed speed. 
The authors anticipated that some gait 
alterations would be consistent across the 
sexes, and that some differences would be 
unilateral (limb specific) and others would 
be bilateral (person specific).

METHODS

Participants

U
sing an a priori power analysis 
on peak hip extension, a group 
mean ± SD difference of 4.8° ± 3.2° 

in hip extension angles21 during natural 
treadmill walking at 1.25 m/s was antici-
pated.26 Accordingly, to achieve statisti-
cal power of 0.80 with an alpha of .05, 
a minimum of 8 participants of each sex 
for the FAI syndrome group and for the 
healthy comparison group were needed.

To be a participant in either group, 
individuals had to be between 14 and 50 
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UU BACKGROUND: Femoroacetabular impinge-
ment (FAI) syndrome may affect gait kinematics 
differently between males and females.

UU OBJECTIVES: To investigate whether individu-
als with FAI syndrome have different hip and pelvic 
motion during gait, at their preferred speed and a 
prescribed speed, compared to individuals of the 
same sex without pain.

UU METHODS: Twenty-one participants (11 males 
and 10 females) with FAI syndrome and 41 partici-
pants (19 males and 22 females) without hip pain 
were included in this case-control laboratory study. 
There were no differences between the 2 groups 
in age, body mass index, and activity score. Kine-
matic data for all participants were collected while 
walking at a preferred speed and at 1.25 m/s. For 
sex and walking speed, linear regression analyses 
were used to examine the effect of group and the 
interaction of group by limb.
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Gait Alterations in Femoroacetabular 
Impingement Syndrome Differ by Sex

percentage of the current research evalu-
ates factors beyond available hip joint 
range of motion. Among the few studies 
that examine functional movement, gait 
has been evaluated more than any other 
task5,13,19,22,24,36; however, the picture of 
how gait is altered in the presence of FAI 
syndrome remains unclear. Some of the 
variability in findings for hip and pelvic 

kinematics among studies could be due to 
individual differences in walking speeds, 
as studies to date have used a self-select-
ed speed for testing.

A substantial limitation of the cur-
rent gait studies in individuals with FAI 
syndrome is that the majority of the par-
ticipants in these studies are males, even 
though females comprise an equal or 
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years of age and report being able to walk 
safely for at least 10 minutes without an 
assistive device. Individuals with a his-
tory of neurological disorder or back sur-
gery or with current back, knee, or ankle 
pain were excluded from participation in 
either group.

Individuals with FAI syndrome were 
recruited through area orthopaedic and 
rehabilitation clinics between January 
2011 and December 2016. To be included 
in the FAI syndrome group, individuals 
had to have been diagnosed with cam, 
pincer, or mixed FAI syndrome by a phy-
sician and had to have their pain repro-
duced by at least 1 of 3 provocative tests 
performed during the study visit: (1) the 
flexion, adduction, internal rotation (FA-
DIR) test; (2) the flexion, abduction, ex-
ternal rotation test; and (3) the resisted 
straight leg raise. For the FADIR test, the 
hip was passively flexed to 90° and then 
adducted and internally rotated.16 For 
the flexion, abduction, external rotation 
test, the hip was passively positioned in 
flexion, abduction, and external rotation, 
with the foot of the tested leg on top of 
the contralateral knee.38 For the resisted 
straight leg raise, the leg was passively 
positioned in 30° of hip flexion with the 
knee extended.32 The participant was 
then asked to keep the leg in that position 
without assistance and continue to hold 
the position as resistance was applied at 
the distal leg. When the test reproduced 
the individual’s pain, the test was consid-
ered positive.

While these tests are highly sensitive 
for intra-articular hip pathology, they 
have low specificity.32,34 Therefore, they 
were used as screening tests to eliminate 
individuals in the hip pain group when 
the results of all the tests were negative 
(suggesting no hip involvement) and to 
eliminate individuals in the comparison 
group when a test was positive (suggest-
ing hip involvement, despite the lack of 
self-reported symptoms). Exclusion cri-
teria included current or recent (within 
the last 2 months) lower extremity injury, 
history of lower extremity orthopaedic 
surgery, history of hip pain, and hip or 

groin pain or discomfort during any of 
the provocative tests.

This study was approved by the Insti-
tutional Review Boards of Boston Univer-
sity and Boston Children’s Hospital, and 
all individuals provided written informed 
consent prior to participation. Data from 
some of the participants included in this 
study have been published elsewhere.29

Instrumentation
As this was part of a larger study for 
multiple functional tasks, the authors 
recorded whole-body kinematic data of 
the trunk, pelvis, and lower extremity us-
ing a 10-camera motion-capture system 
(Oxford Metrics, Yarnton, UK) sampling 
at 100 Hz. Participants walked on an in-
strumented split-belt treadmill (Bertec 
Corporation, Columbus, OH) sampling 
at 1000 Hz. Retroreflective markers 
were placed over 30 bony landmarks on 
the trunk and pelvis and bilaterally on the 
lower extremities, along with rigid clus-
ters of markers on the thighs and shanks 
as previously described.27

Questionnaires
All participants completed self-report 
questionnaires, including the Univer-
sity of California at Los Angeles activity 
score,3 the modified Harris Hip Score,6 
and the Hip disability and Osteoarthritis 
Outcome Score.23 The Western Ontario 
and McMaster Universities Osteoarthri-
tis Index was scored from the Hip disabil-
ity and Osteoarthritis Outcome Score.33 
The University of California at Los An-
geles activity score is scored from 1 to 10, 
with 10 being most active. All other ques-
tionnaires were scored from 0% to 100%, 
with 100% corresponding to excellent or 
no limitations.

Experimental Protocol
For testing, all participants wore a tight-
fitting shirt, spandex shorts, and their 
own exercise shoes. Prior to data col-
lection, the 3 provocative hip tests were 
performed on each participant. Preferred 
walking speed was calculated from the 
average of 5 trials walking a 5-m dis-

tance in the lab. The researchers placed 
reflective markers on each participant 
and then collected a static calibration 
trial, with the participant standing in a 
neutral posture with feet shoulder-width 
apart and shoulders in approximately 90° 
of abduction. Joint centers for the hips 
and knees were created using this trial, 
but were not normalized in this position. 
The authors removed the medial knee 
and ankle markers after this trial.

Participants walked on the tread-
mill at their preferred speed and at a 
prescribed speed of 1.25 m/s. After the 
treadmill achieved the set speed and the 
participant acclimated, data were record-
ed for up to 120 seconds of continuous 
walking. At least 50 strides were used for 
analysis at each speed, with a median of 
90 strides. Strides were excluded from 
analysis if marker data were missing. 
The preferred speed was collected first to 
capture the individual’s natural pattern 
before enforcing the speed constraint. As 
walking speed affects gait kinematics,8,25 
the prescribed speed was used to obtain 
kinematics at a standard walking speed. 
Every 30 seconds, each participant was 
asked to verbally rate his or her pain on 
an 11-point (0 is no pain and 10 is ex-
treme pain) numeric rating scale.14

Data Analysis
Motion-capture data were processed as 
previously described.27 Briefly, mark-
er trajectories were labeled and gaps 
were filled using Vicon Nexus (Oxford 
Metrics). Marker and ground reaction 
force data were filtered using a low-
pass, fourth-order Butterworth filter 
with a cutoff frequency of 6 Hz and 10 
Hz, respectively. A participant-specific, 
8-segment hybrid model was created in 
Visual3D (C-Motion, Inc, Germantown, 
MD) using the CODA pelvis model to de-
fine the pelvis and the hip joint centers. 
Kinematics of the hip, pelvis, and thigh 
were calculated. Pelvic and thigh segment 
angles were defined with respect to the 
laboratory coordinate system. Hip joint 
angles were defined as the angle between 
the thigh and pelvis segments. Ground 
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reaction force data were used to deter-
mine heel strike.

For each stride, hip, pelvic, and thigh 
angles were normalized to the gait cycle 
(heel strike to ipsilateral heel strike). The 
authors extracted the dependent vari-
ables of interest, which included peak 
hip, pelvic, and thigh angles in the sagit-
tal and frontal planes. The peak angles 
for each stride were then averaged to-
gether for each limb, and the average was 
used for statistical analysis.

Statistical Analysis
As there are well-documented differences 
in hip and pelvic kinematics during gait 
due to speed8,25 and sex,28 the research-
ers performed separate analyses for each 
speed, as well as for males and females. 
This study used a linear regression anal-
ysis, with group (FAI syndrome versus 
comparison) as the between-participant 
factor and limb (more painful versus 
less painful) as the within-participant 
factor. For participants with FAI syn-
drome, the limb with worse self-reported 
symptoms was the more painful limb. 
For participants without hip pain, the 
side designated as more painful was ran-
domly distributed between the left and 
right sides similar to the distribution of 
the more painful side in the participants 
with FAI syndrome. As each limb was in-
cluded in the analysis and the group sizes 
were uneven, a generalized estimating 
equation correction was applied to the 
linear regression model.31

To understand the effects of group and 
limb, the authors analyzed the main effect 
of group (FAI syndrome versus compari-
son) and the interaction of group by limb. 
A separate generalized estimating equa-
tion was performed for each dependent 
variable. If the group-by-limb interaction 
was significant, then the researchers per-
formed 2 subsequent analyses. First, they 
used least-significant-difference pairwise 
comparisons to analyze the difference 
between the more painful limb and the 
less painful limb in individuals with FAI 
syndrome. Second, they calculated the 
average of the 2 limbs for each dependent 

variable for the comparison group, and 
used pairwise comparisons to analyze 
the difference between the more painful 
limb of individuals with FAI syndrome 
and the average of the 2 limbs for the in-
dividuals without hip pain. For each sig-
nificant pairwise comparison, Cohen’s d 
was used to compute the effect size (ES), 
interpreted as small (0.2), medium (0.5), 
and large (0.8) effects.11 Differences less 
than 1.4° were not interpreted, as this 
has been reported as the minimal detect-
able change for hip kinematics in a single 
testing session.39 All analyses were run in 
SPSS Statistics Version 20 (IBM Corpo-
ration, Armonk, NY).

RESULTS

T
he present study included 21 
participants (11 males and 10 fe-
males) with FAI syndrome and 41 

participants (19 males and 22 females) 
without hip pain (TABLE 1). The groups 
(FAI syndrome and comparison) were 
not different in terms of height, mass, 
body mass index, activity score, or pre-
ferred walking speed. The majority of 
the individuals with FAI syndrome had 
cam morphology. Of the 11 males with 
FAI syndrome, 7 reported symptoms on 1 
limb only; of the 10 females with FAI syn-

drome, 7 reported symptoms bilaterally. 
For both males and females, the FADIR 
test was positive in most individuals (TABLE 

2). Of the participants with FAI syndrome 
who reported pain during walking, the 
average ± SD pain ratings for males and 
females at the preferred speed were 1.8 ± 
0.5 and 2.8 ± 1.3, respectively, and at the 
prescribed speed were 2.5 ± 1.3 and 1.7 ± 
0.8, respectively. The individuals with FAI 
syndrome generally scored lower on the 
self-report questionnaires than the indi-
viduals without hip pain (TABLE 3).

Sex-Specific Analyses: Males
There were significant group differences 
at the hip and pelvis, but not at the thigh 
(TABLES 4 through 6). There were only 2 
significant group-by-limb interactions at 
the pelvis (TABLE 5). No other interactions 
were significant.
Hip  Males with FAI syndrome had 6.0° 
more peak hip flexion than the compari-
son group when walking at the preferred 
speed (95% confidence interval [CI]: 
0.4°, 11.5°; P = .035; ES, 0.71) (TABLE 4, 
FIGURE 1). Males with FAI syndrome also 
walked with 8.2° less peak hip extension 
than males without hip pain at the pre-
ferred walking speed (95% CI: 2.8°, 13.5°; 
P = .003; ES, 1.01), and 6.9° less peak hip 
extension at the prescribed walking speed 

TABLE 1 Demographic Data*

Abbreviations: BMI, body mass index; FAI, femoroacetabular impingement; UCLA, University of 
California at Los Angeles.
*Values are mean ± SD and analyzed with independent-samples t tests unless otherwise indicated. 
There were no significant differences between groups for all variables (P>.05).
†Values are median (range) and analyzed with the Mann-Whitney U test. Data were missing for 1 
male with FAI syndrome and 1 female without hip pain.

Males Females

FAI Syndrome  
(n = 11)

Comparison  
(n = 19)

FAI Syndrome  
(n = 10)

Comparison  
(n = 22)

Age, y 25.3 ± 8.0 25.1 ± 6.2 20.7 ± 6.8 22.5 ± 2.8

Height, m 1.80 ± 0.08 1.79 ± 0.07 1.67 ± 0.06 1.64 ± 0.07

Mass, kg 82.0 ± 9.1 77.4 ± 12.2 62.5 ± 7.2 59.9 ± 8.3

BMI, kg/m2 25.4 ± 1.6 24.2 ± 3.1 22.4 ± 2.2 22.4 ± 2.6

UCLA activity score† 9.5 (5-10) 9 (5-10) 8 (4-10) 9 (4-10)

Preferred walking speed, m/s 1.26 ± 0.17 1.27 ± 0.18 1.31 ± 0.14 1.28 ± 0.16
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(95% CI: 1.2°, 12.6°; P = .018; ES, 0.83). 
Males with FAI syndrome had 1.4° less 
peak hip abduction than males without 
hip pain at the prescribed speed (95% CI: 
0.02°, 2.7°; P = .047; ES, 0.74).
Pelvis  At the pelvis, there were group 
differences in peak posterior pelvic tilt 
and peak anterior pelvic tilt in males at 
both speeds (TABLE 5, FIGURE 2). Males with 
FAI syndrome walked with 5.3° less peak 
posterior pelvic tilt than males without 
hip pain at the preferred speed (95% 
CI: 0.9°, 9.7°; P = .018; ES, 0.80), and 

5.4° less peak posterior pelvic tilt at the 
prescribed speed (95% CI: 1.1°, 9.8°; P = 
.015; ES, 0.83). Males with FAI syndrome 
also walked with 5.4° more peak anterior 
pelvic tilt than males without hip pain at 
the preferred speed (95% CI: 1.0°, 9.9°; 
P = .017; ES, 0.83), and 5.3° more peak 
anterior pelvic tilt at the prescribed speed 
(95% CI: 0.8°, 9.8°; P = .020; ES, 0.81). 
There were significant group-by-limb in-
teractions for peak pelvic hike (P = .033) 
and drop (P = .033) at the prescribed 
speed; no differences were noted in the 

subsequent pairwise analyses.
Thigh  There were no significant group 
differences or group-by-limb interac-
tions for the thigh in either plane at ei-
ther speed (TABLE 6, FIGURE 3).

Sex-Specific Analyses: Females
There were no significant group effects 
(P≥.069) for any of the variables in fe-
males, but there were significant group-
by-limb interactions at the hip, pelvis, 
and thigh (TABLES 4 through 6).
Hip  At the hip, there were significant 
group-by-limb interactions for peak hip 
extension (P = .033 and P = .010 for the 
preferred and prescribed speeds, re-
spectively), peak hip adduction (P<.001 
and P<.001), and peak hip abduction 
(P = .014 and P = .004) (TABLE 4, FIGURE 

1). In the subsequent pairwise analyses, 
there were differences between the more 
painful limb and the less painful limb in 
females with FAI syndrome. In the FAI 
syndrome group, individuals walked 
with 1.8° less peak hip extension on the 
more painful limb than on the less pain-
ful limb at the preferred speed (95% CI: 
0.4°, 3.2°; P = .012; ES, 0.75), and 2.1° 
less peak hip extension on the more pain-
ful limb at the prescribed speed (95% CI: 
0.7°, 3.4°; P = .004; ES, 0.87). In the 

	

TABLE 3 Data From Self-report Questionnaire Scores*

Abbreviations: FAI, femoroacetabular impingement; HOOS, Hip disability and Osteoarthritis Outcome Score; mHHS, modified Harris Hip Score; WOMAC, 
Western Ontario and McMaster Universities Osteoarthritis Index.
*Values are mean ± SD.
†Data were missing for 1 male with FAI syndrome and 1 female in the control group.
‡Questionnaire scores range from 0% to 100%, with 100% corresponding to excellent or no limitations.

Questionnaire More Painful Limb Less Painful Limb More Painful Limb Less Painful Limb Males (n = 19) Females (n = 21)†

mHHS 76.9 ± 12.7 94.1 ± 9.4 71.1 ± 20.4 84.9 ± 16.9 100.0 ± 0.0 99.8 ± 1.2

HOOS subscales‡

Pain 70.5 ± 18.2 92.8 ± 13.9 68.3 ± 16.9 91.5 ± 8.4 100.0 ± 0.0 100.0 ± 0.0

Symptoms 63.0 ± 13.2 88.5 ± 13.6 68.5 ± 14.2 87.0 ± 12.5 99.0 ± 2.1 97.3 ± 4.4

Functional activities 84.4 ± 12.3 95.9 ± 8.3 84.9 ± 12.3 97.1 ± 5.3 99.9 ± 0.3 100.0 ± 0.0

Recreation/sport activities 68.8 ± 20.8 86.9 ± 15.4 66.3 ± 21.3 90.6 ± 13.9 100.0 ± 0.0 99.7 ± 1.3

Quality of life 49.4 ± 19.4 82.5 ± 19.5 43.8 ± 25.3 81.3 ± 17.7 100.0 ± 0.0 99.7 ± 1.3

WOMAC‡ 81.7 ± 13.4 95.6 ± 9.1 81.5 ± 10.9 96.1 ± 5.6 99.9 ± 0.2 100.0 ± 0.0

FAI Syndrome

Males (n = 10)† Females (n = 10) Comparison

TABLE 2
Number of Individuals With FAI  

Syndrome Who Had Pain With  
Provocative Tests and During Gait*

Abbreviations: FABER, flexion, abduction, external rotation test; FADIR, flexion, adduction, internal 
rotation test; FAI, femoroacetabular impingement; SLR, straight leg raise resisted at 30°.
*Values are n (percent). Individuals in the comparison group did not have any positive (painful) tests.

More Painful Limb Less Painful Limb More Painful Limb Less Painful Limb

Provocative test

FADIR 10 (91) 5 (45) 10 (100) 8 (80)

FABER 5 (45) 1 (9) 4 (40) 1 (10)

SLR 5 (45) 3 (27) 6 (60) 4 (40)

Gait

Preferred 4 (36) 2 (18) 5 (50) 2 (20)

Prescribed 4 (36) 2 (18) 6 (60) 2 (20)

Males (n = 11) Females (n = 10)
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frontal plane, females with FAI syndrome 
walked with 3.8° more peak hip adduc-
tion on the more painful limb than on the 
less painful limb at the preferred speed 
(95% CI: 2.2°, 5.3°; P<.001; ES, 1.46), 
and 3.9° more peak hip adduction at 
the prescribed speed (95% CI: 1.8°, 5.9°; 
P<.001; ES, 1.11). Additionally, females 
with FAI syndrome walked with 2.8° less 
peak hip abduction on the more painful 
limb than on the less painful limb at the 
preferred speed (95% CI: 0.8°, 4.8°; P = 

.006; ES, 0.82) and 3.6° less peak hip ab-
duction at the prescribed speed (95% CI: 
1.4°, 5.8°; P = .002; ES, 0.95).
Pelvis  There were significant group-
by-limb interactions for peak posterior 
pelvic tilt (P = .012 and P = .043 for the 
preferred and prescribed speeds, respec-
tively) and peak anterior pelvic tilt (P = 
.047 and P<.001) (TABLE 5, FIGURE 2). In 
the subsequent pairwise analyses, there 
were no differences between the FAI syn-
drome group and the comparison group 

(P≥.867). While peak posterior pelvic tilt 
at the preferred speed was different be-
tween limbs (P = .044), it was less than 
the minimal detectable change and was 
therefore not interpreted.
Thigh  There was a significant group-by-
limb interaction for peak thigh extension 
position in the sagittal plane at the pre-
scribed speed (P = .017) (TABLE 6, FIGURE 

3). Within the FAI syndrome group, the 
thigh of the more painful limb was 1.7° 
less extended compared to that of the less 

TABLE 4

Peak Hip Angles in the Sagittal and Frontal Planes of the More  
Painful Limb and Less Painful Limb for the FAI Syndrome Group  

and of the Averaged Left and Right Limbs for the Comparison  
Group, Walking at Preferred and Prescribed Speeds*

Abbreviation: FAI, femoroacetabular impingement.
*Values are mean ± SD degrees.
†Hip flexion and hip adduction are positive.
‡Significant main effects for group (P<.05).
§Significant interaction effects for group by limb (P<.05).
║Significant within–FAI syndrome group effects for limb (P<.05).

Sex/Angle/Speed More Painful Limb Less Painful Limb Average of Limbs

Males

Hip flexion†

Preferred‡ 32.7 ± 6.5 31.8 ± 7.2 26.3 ± 9.2

Prescribed 30.0 ± 5.8 30.4 ± 6.7 25.9 ± 8.7

Hip extension

Preferred‡ –6.8 ± 8.1 –7.7 ± 5.5 –15.4 ± 8.8

Prescribed‡ –9.0 ± 8.7 –8.9 ± 6.9 –15.8 ± 8.8

Hip adduction†

Preferred 2.5 ± 3.6 2.1 ± 3.7 4.1 ± 2.8

Prescribed 3.2 ± 3.3 3.7 ± 3.1 4.2 ± 2.8

Hip abduction

Preferred –7.5 ± 2.8 –7.5 ± 3.4 –8.3 ± 1.7

Prescribed‡ –7.4 ± 1.9 –7.0 ± 3.0 –8.5 ± 1.8

Females

Hip flexion†

Preferred 32.1 ± 10.0 31.7 ± 8.1 32.6 ± 7.1

Prescribed 32.2 ± 9.2 31.0 ± 8.4 32.3 ± 8.2

Hip extension

Preferred§║ –10.4 ± 9.5 –12.2 ± 9.2 –9.9 ± 7.4

Prescribed§║ –10.6 ± 10.4 –12.7 ± 10.5 –10.2 ± 7.7

Hip adduction†

Preferred§║ 8.1 ± 3.3 4.4 ± 1.9 7.1 ± 2.4

Prescribed§║ 8.7 ± 4.0 4.8 ± 2.2 7.1 ± 2.3

Hip abduction

Preferred§║ –6.4 ± 2.0 –9.2 ± 2.6 –6.8 ± 1.9

Prescribed§║ –6.0 ± 1.9 –9.6 ± 2.8 –6.9 ± 1.9

Comparison GroupFAI Syndrome
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painful limb (95% CI: 0.5°, 2.9°; P = .004; 
ES, 0.86) at the prescribed speed. In the 
frontal plane, the group-by-limb inter-
action for peak thigh adduction position 
was significant at the preferred speed (P = 
.028) (FIGURE 3); no differences were noted 
in the subsequent pairwise analyses.

DISCUSSION

T
he results of this study indi-
cate that there are sex-specific 
differences in the gait alterations 

observed in individuals with FAI syn-
drome compared to individuals without 
hip pain. In males, there were primar-
ily group effects, suggesting person-spe-
cific alterations; in females, there were 
group-by-limb interactions, suggesting 
limb-specific alterations. These findings 
indicate that FAI syndrome may contrib-
ute to gait alterations differently in males 
than in females.

Males with FAI syndrome had de-
creased peak hip extension compared to 
males without hip pain, a difference that 

was slightly larger than that noted by 
Hunt et al.21 While the authors had ex-
pected a unilateral alteration, they found 
a group difference for males, suggesting 
a bilateral alteration. This may be due to 
the increased anterior pelvic tilt in the FAI 
syndrome group, a group effect for males 
as well. The anterior pelvic tilt could pro-
duce an offset in the hip angle curve, es-
pecially as the sagittal plane thigh angle 
was not different. In a secondary analysis 
of standing posture, males with FAI syn-
drome were in more anterior pelvic tilt 

TABLE 5

Peak Pelvic Segment Angles in the Sagittal and Frontal Planes of the  
More Painful Limb and Less Painful Limb for the FAI Syndrome Group  
and of the Averaged Left and Right Limbs for the Comparison Group,  

Walking at Preferred and Prescribed Speeds*

Abbreviation: FAI, femoroacetabular impingement.
*Values are mean ± SD degrees.
†Pelvic posterior tilt and pelvic hike of the contralateral side are positive.
‡Significant main effects for group (P<.05).
§Significant interaction effects for group by limb (P<.05).

Sex/Angle/Speed More Painful Limb Less Painful Limb Average of Limbs

Males

Pelvic posterior tilt†

Preferred‡ –4.8 ± 5.5 –4.8 ± 5.5 0.5 ± 7.1

Prescribed‡ –4.8 ± 5.5 –4.8 ± 5.5 0.7 ± 7.0

Pelvic anterior tilt

Preferred‡ –9.4 ± 5.7 –9.4 ± 5.9 –4.0 ± 6.9

Prescribed‡ –9.3 ± 5.8 –9.3 ± 5.9 –4.0 ± 6.9

Pelvic hike†

Preferred 2.6 ± 1.8 2.8 ± 1.7 3.1 ± 1.2

Prescribed§ 3.1 ± 1.9 2.7 ± 1.8 3.2 ± 1.2

Pelvic drop

Preferred –2.8 ± 1.7 –2.6 ± 1.7 –3.1 ± 1.2

Prescribed§ –2.7 ± 1.8 –3.2 ± 1.8 –3.2 ± 1.2

Females

Pelvic posterior tilt†

Preferred§ –3.4 ± 7.0 –3.5 ± 7.0 –3.2 ± 6.0

Prescribed§ –3.6 ± 6.8 –3.7 ± 6.8 –3.2 ± 6.5

Pelvic anterior tilt

Preferred§ –7.5 ± 7.1 –7.5 ± 7.1 –7.1 ± 5.6

Prescribed§ –7.6 ± 6.9 –7.6 ± 6.8 –7.2 ± 6.0

Pelvic hike†

Preferred 3.5 ± 1.3 5.3 ± 2.5 4.1 ± 1.2

Prescribed 3.5 ± 1.6 5.7 ± 2.5 4.3 ± 1.3

Pelvic drop

Preferred –5.3 ± 2.5 –3.5 ± 1.3 –4.1 ± 1.2

Prescribed –5.7 ± 2.5 –3.5 ± 1.6 –4.3 ± 1.3

Comparison GroupFAI Syndrome
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than were males without hip pain, high-
lighting the importance of not normaliz-
ing data to a position. Increased anterior 
pelvic tilt (or decreased posterior tilt) has 
been reported in individuals with FAI 
syndrome during bilateral squatting4 and 
stair climbing.36 In females, however, this 
study did not note a difference in pelvic 
tilt, and the reduction in hip extension 
was on the more painful limb compared 
to the less painful limb.

The present study also found sex-
specific alterations in the frontal plane. 

This is in partial agreement with previous 
studies, which noted decreased abduc-
tion of the more painful hip in individuals 
with FAI compared to healthy partici-
pants walking at a preferred speed.19,22,36 
However, the authors found that this was 
a person-specific alteration for males and 
a limb-specific alteration for females. 
Females with FAI syndrome also had in-
creased peak hip adduction on the more 
painful limb compared to the less painful 
limb. The increased hip adduction may be 
due to weakness, which has been noted in 

the hip abductor muscles in this patient 
population,7 or may be an adaptation to 
reduce compressive forces on the hip due 
to muscle activation.30 However, reliance 
on the hip ligaments for stability may in-
crease hip contact force.12 Alternatively, 
the increased hip adduction, which is 
closer to the impingement position,16 may 
contribute to symptoms and explain why 
females experience symptoms with less 
severe cam morphology than do males.18

A consistent pattern throughout these 
findings was that there were primarily  

TABLE 6

Peak Thigh Segment Angles in the Sagittal and Frontal Planes 
of the More Painful Limb and Less Painful Limb for the FAI  

Syndrome Group and of the Averaged Left and Right Limbs for the 
Comparison Group, Walking at Preferred and Prescribed Speeds*

Abbreviation: FAI, femoroacetabular impingement.
*Values are mean ± SD degrees.
†Flexion and adduction of the thigh segment are positive.
‡Significant interaction effects for group by limb (P<.05).
§Significant within–FAI syndrome group effects for limb (P<.05).

Sex/Angle/Speed More Painful Limb Less Painful Limb Average of Limbs

Males

Thigh flexion†

Preferred 25.2 ± 4.9 24.1 ± 5.7 24.5 ± 3.4

Prescribed 23.1 ± 2.3 23.1 ± 3.8 24.3 ± 3.2

Thigh extension

Preferred –15.1 ± 4.8 –15.6 ± 4.4 –17.9 ± 3.0

Prescribed –17.3 ± 4.5 –16.7 ± 3.8 –18.3 ± 2.9

Thigh adduction†

Preferred 1.4 ± 2.7 1.7 ± 2.3 3.0 ± 2.0

Prescribed 2.0 ± 2.2 2.2 ± 1.8 2.9 ± 2.1

Thigh abduction

Preferred –6.4 ± 2.8 –6.1 ± 2.5 –6.6 ± 2.4

Prescribed –5.5 ± 2.1 –5.7 ± 2.3 –6.8 ± 2.0

Females

Thigh flexion†

Preferred 26.4 ± 3.1 25.4 ± 3.5 27.4 ± 2.7

Prescribed 26.3 ± 2.6 24.7 ± 3.1 27.1 ± 3.2

Thigh extension

Preferred –16.4 ± 3.3 –17.7 ± 3.1 –15.7 ± 3.0

Prescribed‡§ –16.5 ± 3.9 –18.3 ± 3.7 –16.0 ± 3.1

Thigh adduction†

Preferred‡ 4.4 ± 1.9 3.3 ± 1.3 4.6 ± 1.8

Prescribed 4.5 ± 2.5 3.4 ± 1.5 4.5 ± 1.6

Thigh abduction

Preferred –4.1 ± 2.2 –4.8 ± 1.9 –3.3 ± 1.6

Prescribed –3.8 ± 2.3 –4.9 ± 2.2 –3.4 ± 1.6

Comparison GroupFAI Syndrome
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group differences for males, but only 
group-by-limb interactions for females. 
The group effects in males could imply 
that males with FAI syndrome displayed 
the movement alterations bilaterally. 
However, there was significant variability 
as to which hip was affected more, rais-
ing questions on how to best interpret the 
alterations. For example, the morphology 
itself is unlikely to produce a reduction 
in hip extension. Instead, the reduction 
could be a result of shortened or overac-
tive hip flexor muscles, or could be an 
adaptation to reduce anteriorly directed 
hip joint forces30 or to reduce tension 
on anterior hip joint structures (eg, the 
iliofemoral ligament).20 As cam mor-
phology, and not pincer morphology,2,37 
has been linked to an increased risk for 
hip osteoarthritis,1,37 it could also be an 
early indicator of osteoarthritis. Based on 
these arguments, it would follow that hip 
extension would be limited to a greater 
extent in the more painful hip than in the 
less painful one. While this was true in 
females with FAI syndrome, it was not 
true in males. Additionally, the analyses 
of group effects versus group-by-limb 
interactions suggest that FAI syndrome 
may manifest bilaterally in males and 
unilaterally in females. However, in this 
study, the authors had more females with 
bilateral symptoms than males with bilat-
eral symptoms. Thus, the researchers ex-
pected group effects in females and limb 
effects in males.

It remains unclear how the gait al-
terations noted in individuals with FAI 
syndrome contribute to or result from 
the morphology or symptoms of FAI 
syndrome. Although anterior pelvic tilt35 
and hip adduction16 could cause impinge-
ment, the hip does not reach the point of 
impingement during gait. Nonetheless, 
individuals with FAI syndrome report 
pain with prolonged walking.10 The al-
terations may be a compensation for 
pain. The alterations were slightly larger 
in individuals who reported pain during 
gait compared to individuals with FAI 
syndrome who did not. It may also be 
that individuals with FAI syndrome dis-
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play these same movement alterations 
in tasks that are closer to end-range mo-
tions, when impingement is more likely.

The present study does have limita-
tions. The groups were small and the 
researchers did not have the power to de-
tect small differences in movement that 
might be present (type II error). Also, be-
cause of the small numbers, the authors 
used a statistical approach that might 
increase the likelihood of detecting a dif-
ference when there was not one (type I 
error). Multicenter studies are necessary 
to produce larger data sets.

For the individuals with FAI syn-
drome, the type of bony morphology 
was reported by the orthopaedic clinic 
or participant, not measured as part of 
the study. The authors did not image the 
comparison group to evaluate hip mor-
phology. The healthy comparison group 
comprised individuals without hip pain 
and, therefore, without FAI syndrome,17 
but may have had cam or pincer mor-
phology, which is often present in asymp-
tomatic individuals, especially athletes.15

As a cross-sectional study, it was im-
possible to determine the cause of the al-
tered movement patterns. The alterations 
might have contributed to the develop-
ment of FAI syndrome or might have 
been a compensation. Longitudinal stud-
ies are needed to disentangle cause and 
compensation. Similarly, this study did 
not test whether a modification of walk-
ing patterns might change the symptoms.

CONCLUSION

T
he results of this study suggest 
that males with FAI syndrome have 
different gait alterations than fe-

males with FAI syndrome when com-
pared to sex-matched individuals without 
hip pain. In males, the differences were 
primarily between groups; in females 
with FAI syndrome, they were between 
the more painful and less painful limb. 
These findings suggest that altered move-
ment may be a contributing factor to FAI 
syndrome and may be modifiable through 
neuromuscular training. t

KEY POINTS
FINDINGS: Gait alterations in individuals 
with femoroacetabular impingement 
(FAI) syndrome were sex specific. Males 
with FAI syndrome displayed a bilateral 
reduction in peak hip extension and an 
increase in peak anterior pelvic tilt com-
pared to males without hip pain. Females 
with FAI syndrome displayed a reduction 
in peak hip extension and hip abduction 
and an increase in peak hip adduction on 
the more painful limb compared to the 
less painful limb.
IMPLICATIONS: These differences may indi-
cate different etiology and the need for 
sex-specific movement interventions for 
individuals with FAI syndrome.
CAUTION: This cross-sectional study does 
not address the question of cause versus 
compensation. Future studies are war-
ranted to determine whether these move-
ment alterations are present in more 
challenging tasks and whether modifying 
these patterns may affect symptoms.

More Painful Less Painful Comparison
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R
educing sports injury incidence is a worthwhile endeavor 
for both applied practitioners and researchers alike. From 
a competitive point of view, lower injury burden and greater 
player availability have been linked to superior league ranking in 

professional soccer, in addition to reduced financial and psychological

model proffered by van Mechelen et al37 
posits that the first and second steps to 
reducing injury incidence are establish-
ing the extent of the problem (ie, inci-
dence) and determining the etiology of 
injury (ie, risk factors).

Numerous risk factors have been high-
lighted in relation to soccer-specific inju-
ry, including, but not limited to, previous 
injury, age, running load, and eccentric 
knee flexor strength.1,23,34 Movement 
quality has recently been investigated 
as a potential injury risk factor within 
soccer; however, the evidence is equivo-
cal.4,30,32 While firm consensus on what 
constitutes movement quality is lack-
ing, one definition offered, at least in the 
context of movement screening, is that it 
encapsulates “the maintenance of correct 
posture and joint alignment in addition 
to balance while performing the selected 
movements.”27 An underlying principle 
behind movement screening as a practice 
is that poor movement quality increases 
one’s likelihood of injury.27 Bahr2 recently 
challenged the premise of screening to 
identify injury risk, highlighting that no 
such test currently displays diagnostic 
qualities worthy of the tag “predictive.” 
However, while movement screening may 
not allow applied practitioners to predict 

UU BACKGROUND: The association between 
movement quality and injury is equivocal. No 
soccer-specific movement assessment has been 
prospectively investigated in relation to injury risk.

UU OBJECTIVES: To investigate the association 
between a soccer-specific movement-quality as-
sessment and injury risk among semiprofessional 
soccer players.

UU METHODS: In this prospective cohort study, 
semiprofessional soccer players (n = 306) from 
12 clubs completed the Soccer Injury Movement 
Screen (SIMS) during the preseason period. 
Individual training/match exposure and noncontact 
time-loss injuries were recorded prospectively for 
the entirety of the 2016 season. Relative risks were 
calculated, and presented with 90% confidence 
intervals, for the SIMS composite and individual 
subtest scores from generalized linear models with 
Poisson distribution offset for exposure.

UU RESULTS: When considering noncontact 
time-loss lower extremity injuries (primary level of 
analysis), there was a most likely trivial associa-

tion with the SIMS composite score. Similarly, the 
SIMS composite score demonstrated most likely to 
likely trivial associations with all injury categories 
included in the secondary level of analysis (non-
contact time-loss hip/groin, thigh, knee, and ankle 
injuries). When considering hamstring strains and 
ankle sprains specifically (tertiary level of analy-
sis), the SIMS composite score demonstrated very 
likely trivial associations. A total of 262 noncontact 
time-loss injuries were recorded. The overall (train-
ing and match exposure combined) incidence of 
noncontact time-loss injury was 12/1000 hours.

UU CONCLUSION: The SIMS composite score 
demonstrated no association with any of the in-
vestigated categories of soccer-related injury. The 
SIMS composite score should not be used to group 
players into high- or low-risk groups.

UU LEVEL OF EVIDENCE: Prognosis, level 4. J Or-
thop Sports Phys Ther 2018;48(8):630-636. Epub 
8 May 2018. doi:10.2519/jospt.2018.8037

UU KEY WORDS: association football, epidemiol-
ogy, predict, screening
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Soccer Players

costs.11,15,24 However, it should be ac-
knowledged that the financial costs as-
sociated with injury are not limited to 
professional players; for example, health 

care system and broader economic conse-
quences due to missed days of work may 
ensue following injury in recreational 
players. The “sequence of prevention” 
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exactly which players will get injured, 
highlighting associations between risk 
factors and injury via prospective stud-
ies may help inform general preventive 
strategies.

Many movement screens exist; how-
ever, the majority have been designed for 
general athletic populations and not soc-
cer players specifically.27 To date, no soc-
cer-specific movement screen has been 
prospectively investigated in relation to 
injury risk, despite the widespread use 
of movement screens within professional 
soccer.25 The Soccer Injury Movement 
Screen (SIMS) is one such sport-specific 
tool and has been shown to be a reliable 
means to assess movement quality.28 The 
SIMS comprises 5 movements, chosen to 
reflect the most common sites (lower ex-
tremities) and types (strains and sprains) 
of soccer-related injury. Hence, these 
subtests primarily tax the mobility and 
stability of the hip, knee, and ankle joints, 
in addition to the strength and flexibility 
of the surrounding musculature.28 While 
other, more general movement screens 
have found limited associations between 
movement quality and injury risk,4,17,30 it 
remains unclear whether such a trend 
also applies to sport-specific assessment 
tools such as the SIMS.

Therefore, the aims of the present 
study were 2-fold: (1) to investigate the 
relationship between SIMS composite 
score and injury risk, and (2) to investi-
gate the relationship between the indi-
vidual subtests comprising the SIMS and 
injury risk. The present work represents 
the first study to prospectively investigate 
any sport-specific movement screen and 
injury risk.

METHODS

Participants

T
he University of Wollongong’s 
Human Research Ethics Committee 
(number HE15/340) approved this 

prospective cohort study. The study was 
conducted in accordance with the Decla-
ration of Helsinki. In total, 306 male soc-
cer players (mean ± SD age, 22 ± 4 years; 

height, 179 ± 7 cm; body mass, 75 ± 10 
kg) from 2 National Premier Leagues 
New South Wales Division 1 clubs and 10 
Illawarra Premier League clubs provided 
written informed consent to participate. 
If players were under the age of 18 years, 
then their legal guardians provided writ-
ten informed consent and the players 
provided informed verbal assent. All 
participants were semiprofessional play-
ers who trained 2 to 3 times per week, 
and each club played at least 1 competi-
tive game per week.

Procedures
Soccer Injury Movement Screen  Each 
participant completed the SIMS exactly 
as described by McCunn et al28 dur-
ing the preseason period (March 2016). 
The SIMS has previously demonstrated 
good to excellent intrarater and interra-
ter reliability.28 The SIMS is primarily a 
movement-quality assessment compris-
ing 5 subtests: anterior reach, single-leg 
deadlift (SLDL), in-line lunge, single-leg 
hop for distance (SLHD), and the tuck 
jump assessment. Each subtest is scored 
out of 10 points, resulting in a possible 
maximum composite score of 50 when 
the score from each subtest is summed. 
A higher score indicates poorer perfor-
mance, with 0 as the best possible score 
and 50 as the worst. The anterior reach 
and SLHD scoring criteria are objective 
in nature and are based on reach and 
jump distance, respectively. Conversely, 
the SLDL, in-line lunge, and tuck jump 
rely on subjective assessment of move-
ment quality from video footage. The 
exact scoring criteria and guidelines are 
outlined in the APPENDIX (available at 
www.jospt.org).

The lead researcher was present at ev-
ery testing session and acted as the test 
rater, scoring all video footage. Video 
footage was recorded using iPad 3 de-
vices (Apple Inc, Cupertino, CA). The 
rater possessed undergraduate and post-
graduate sport science qualifications, was 
an accredited strength and conditioning 
coach with both the United Kingdom 
Strength and Conditioning Association 

and the National Strength and Condi-
tioning Association, and had extensive 
previous experience conducting/scoring 
the SIMS (greater than 100 previous 
tests). In addition to the lead researcher, 
undergraduate exercise science students 
assisted in the collection of the SIMS test 
data. Prior to testing, all student help-
ers were required to attend 2 training 
sessions (4 hours in total) with the lead 
researcher on how to set up the testing 
equipment and to instruct the partici-
pants correctly (see McCunn et al28).

All testing was conducted either in a 
university biomechanics laboratory or at 
the training ground of the respective club 
when suitable facilities were available. All 
testing was conducted on hard, nonslip 
surfaces. Height, weight, and date of 
birth were also collected for each partici-
pant during testing sessions.
Injury Data Collection  Undergraduate 
exercise science students with addition-
al training (Sports Medicine Australia 
Level 1 Sports Trainer certification) were 
recruited to act as injury and exposure 
data collectors for the present study. In 
Australia, sports trainers are employed by 
clubs to deliver onsite first aid and acute 
injury management; hence, they are also 
well placed to record injury data.10 In this 
study, the sports trainers attended every 
training session and match for the en-
tirety of the 2016 season for each club.

An electronic version of the injury 
data recording form presented by Full-
er et al14 was used to record all physical 
complaints (both time loss and non–
time loss). Completed electronic injury 
forms were sent to the lead researcher 
every week for review. For each recorded 
injury, a detailed event description was 
also requested from the sports trainer. 
The descriptions included the circum-
stances that immediately preceded the 
injury event, weather/pitch conditions, 
the player’s own explanation of how the 
injury occurred, and any other informa-
tion that the sports trainer considered 
relevant.

Each completed injury form was 
blinded by the lead researcher and then 
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reviewed in conjunction with the injury 
description by both a chartered physical 
therapist and an orthopaedic doctor, sepa-
rately, and assigned a diagnosis based on 
the Orchard Sports Injury Classification 
System Version 10.1.31 If the diagnoses 
provided by the physical therapist and the 
orthopaedic doctor differed, then the lead 
researcher flagged the injury, and all par-
ties reconsidered the case together until 
consensus on the most likely diagnosis was 
achieved. This method of retrospective in-
jury diagnosis has recently been advocated 
for and used in previous research.16,29

Only noncontact injuries were includ-
ed within the analyses, as contact injuries 
are dependent on interaction with other 
individuals and were judged by the au-
thors to not be inherently related to move-
ment quality. Sports trainers also recorded 
training and match exposure time (in 
minutes) for each individual participant 
and included these data in their weekly 
submissions to the lead researcher.

Statistical Analysis
All estimations were made using SPSS 
Statistics Version 24 (IBM Corporation, 
Armonk, NY). Data are presented as 
mean ± SD and absolute or relative fre-
quencies. The effects of the SIMS com-
posite and individual subtest scores on 
injury risk were analyzed using a general-
ized linear model with a Poisson distribu-
tion, log-linear link function, and offset 
for minutes of combined training and 
match exposure. The relative risk (RR) 
and 90% confidence interval were calcu-
lated to express the effect on injury risk 
per 1-point increase in SIMS composite 
or individual subtest score.

Several injury categories were ana-
lyzed using the generalized linear model. 
These injury categories were incorporat-
ed into 3 levels of analysis (primary, sec-
ondary, and tertiary). The primary level 
included 1 category: all noncontact time-
loss lower extremity injuries. The sec-
ondary level included 4 separate injury 
categories: all noncontact time-loss hip/
groin, thigh, knee, and ankle injuries—
selected because they represent the most 

frequently injured body locations within 
soccer.12 The tertiary level included 2 cat-
egories: all noncontact time-loss ham-
string muscle strains and ankle sprains, 
which were selected because these are 2 
very commonly investigated specific in-
jury types within soccer.13,38

In addition, the observed frequencies 
of both these injury types exceeded 20 
cases. According to Bahr and Holme,3 20 
to 50 injury cases are required to detect 
moderate to strong associations between 
risk factors and injury likelihood. Bonfer-
roni correction was applied to the P values 
for all secondary- and tertiary-level injury 
categories to counteract the issue of multi-
ple comparisons. Injury rates are reported 
as the number of injuries per 1000 hours 
of training, match, and combined (both 
training and match) exposure.

Inferences regarding the effects of 
SIMS composite and individual subtest 
scores were assessed against a predefined 
smallest worthwhile effect on injury risk, 
using a spreadsheet to derive a confi-
dence interval and clinical inference from 
a P value.19 The smallest worthwhile ben-
eficial effect was given by an RR of 0.90 
(ie, a 10% lower injury rate), and, con-
versely, the smallest worthwhile harmful 
effect was given as an RR of 1.11 (ie, an 
11% higher injury rate), as previously es-
tablished.18 Effects were classified as clear 
when there was a greater than 25% likeli-
hood that the true effect was beneficial 
(reduced injury risk, RR≤0.90) or harm-
ful (increased injury risk, RR≥1.11) and 
an odds ratio greater than 0.66 between 
benefit and harm; otherwise, the effect 
was deemed unclear. In instances where 
the RR indicated neither a beneficial nor 
harmful effect (0.90>RR<1.11) and the 
percentage likelihood of either outcome 
was less than 25%, the effect was classi-
fied as trivial. Effects (risk changes) were 
qualified against predefined probabilistic 
terms from the following scale: less than 
0.5%, most unlikely; 0.5% to 5%, very 
unlikely; 5% to 25%, unlikely; 25% to 
75%, possibly; 75% to 95%, likely; 95% 
to 99.5%, very likely; and greater than 
99.5%, most likely.5

RESULTS

T
he frequencies and relative dis-
tributions of noncontact time-loss 
injuries, categorized by location 

and severity, are displayed in TABLE 1. A 
total of 262 noncontact time-loss inju-
ries were recorded. The average ± SD 
exposure time experienced during train-
ing and match play per player was 55 ± 
26 and 18 ± 11 hours, respectively. The 
overall (training and match exposure 
combined) incidence of noncontact time-
loss injury was 12/1000 hours. The inci-
dences of noncontact time-loss injuries 
sustained during training and matches 
were 6/1000 hours and 28/1000 hours, 
respectively. Injuries originating from 
trauma versus overuse equated to 48% 
(n = 125) and 52% (n = 137), respectively.

When considering all noncontact 
time-loss lower extremity injuries (pri-
mary level of analysis), there was a most 
likely trivial association with the SIMS 
composite score (TABLE 2). Similarly, the 
SIMS composite score demonstrated 
most likely to likely trivial associations 
with all injury categories included in the 
secondary level of analysis (time-loss, 
noncontact hip/groin, thigh, knee, and 
ankle injuries) (TABLE 2). When consider-
ing hamstring strains and ankle sprains 
specifically (tertiary level of analysis), the 
SIMS composite score demonstrated very 
likely trivial associations (TABLE 2).

The majority of SIMS individual 
subtest scores demonstrated trivial to 
unclear associations with hamstring 
strain and ankle sprain injuries (TABLE 3). 
However, a greater (worse) SLHD score 
possibly increased the risk of an ankle 
sprain. In contrast, a greater (worse) 
SLDL score possibly decreased the risk 
of a hamstring strain.

DISCUSSION

T
he SIMS composite score was 
not meaningfully related to any of 
the injury categories investigated 

(TABLE 2). Similarly, the individual subtest 
scores were not associated with injury, 
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with the exceptions of the SLDL and the 
SLHD in relation to hamstring strains 
and ankle sprains, respectively (TABLE 3). 
While a greater (worse) SLHD score was 
possibly associated with higher risk of an-
kle sprain injury, it should be noted that 
the observed association between SLDL 
score and hamstring strains was counter-
intuitive, with a theoretically better score 
equating to increased risk of injury.

SIMS Composite Score
The present study suggests that the SIMS 
does not display an association (or any 
predictive relationship) with injury risk. 
When discussing risk factors, an impor-
tant distinction should be made between 
association and prediction.26 Bahr2 ex-
plained that while an association can 
exist between risk factors and injury like-
lihood, this does not necessarily equate 
to predictive ability. Outcome statistics 
related to prediction include, although 
are not limited to, area under the curve, 
sensitivity, specificity, and positive/nega-

tive predictive value; however, no clear 
guidelines exist to determine the point at 
which these values distinguish a test as 
“predictive.”26 To date, no injury screen-
ing test has demonstrated satisfactory 
predictive ability, yet several have shown 
an association.2

The association with injury for the 
SIMS composite score was trivial for all 
categories investigated (TABLE 2). Despite 
a Bonferroni-corrected P value of less 
than .05 being observed with regard to 
hamstring strains, the clinical inference 
was nonetheless trivial, indicating that no 
meaningful relationship existed between 
the SIMS composite score and injury 
likelihood.21 Similarly, the Functional 
Movement Screen developed by Cook et 
al8,9 is widely used within soccer, yet its 
association with injury in this population 
is limited.4,25,30

The potential contributors to sports 
injury are numerous, and while intui-
tively appealing, movement quality is 
not strongly associated with injury risk. 

While it may potentially contribute to 
injury likelihood in combination with 
other risk factors, movement quality 
alone does not appear to be a significant 
risk factor. The etiology of injury is mul-
tifactorial; investigating individual risk 
factors in isolation, while scientifically 
sound, may not adequately address the 
real-world issues of injury prediction and 
prevention.6,7

However, the lack of association with 
injury risk does not necessarily render 
movement screening useless.36 Other 
benefits of continuing the practice in-
clude establishing return-to-play test 
values, highlighting current musculo-
skeletal conditions, and establishing 
trust/rapport between the practitioner 
and the athlete.36 Furthermore, move-
ment screening offers a systematic way 
for applied practitioners to identify fun-
damental movement patterns relevant to 
safe strength training and potential per-
formance enhancement. Some evidence 
suggests that movement quality may 
be related to physical attributes such as 
sprinting and jumping; ergo, the appli-
cation of movement screening may relate 
more to performance enhancement than 
to injury prediction.22,39

Individual Subtest Scores
The associations with injury for the in-
dividual subtests mirrored the results for 
the composite score for the most part, 
with both trivial and unclear relation-
ships observed (TABLE 3). Two exceptions 
were the SLHD and SLDL, when con-
sidering ankle sprains and hamstring 
strains, respectively. A higher (worse) 
SLHD was possibly associated with a 
greater risk of suffering an ankle sprain. 
This potential relationship between the 
SLHD and ankle sprain risk makes intui-
tive sense, because there is moderate evi-
dence linking ankle instability and poor 
performance on this test.17

However, a higher (worse) SLDL score 
was possibly associated with a reduced 
risk of a hamstring strain. The observed 
relationship between SLDL score and 
hamstring strain injury is counterintui-

TABLE 1
Noncontact Time-Loss Injury Pattern  
by Location and Severity of Injuries*

*Values are n or n (percent). Percent values below 1% are not shown.

Total
1-3 d  

(Minimal)
4-7 d  
(Mild)

8-28 d 
(Moderate)

>28 d  
(Severe)

Injury location

Head/face 0 0 0 0 0

Neck/cervical spine 3 (1) 1 0 2 (2) 0

Shoulder/clavicle 0 0 0 0 0

Sternum/ribs/upper back 1 0 1 (2) 0 0

Abdomen 2 0 0 1 (1) 1 (5)

Low back/sacrum/pelvis 11 (4) 7 (6) 2 (4) 2 (2) 0

Upper arm 0 0 0 0 0

Elbow 1 0 0 0 1 (5)

Forearm 0 0 0 0 0

Wrist 0 0 0 0 0

Hand/finger/thumb 0 0 0 0 0

Hip/groin 48 (18) 21 (19) 11 (22) 15 (18) 1 (5)

Thigh 81 (31) 30 (27) 12 (25) 32 (39) 7 (33)

Knee 41 (16) 17 (16) 10 (20) 11 (13) 3 (14)

Lower leg/Achilles tendon 23 (9) 13 (12) 5 (10) 4 (5) 1 (5)

Ankle 48 (18) 19 (17) 8 (16) 14 (17) 7 (33)

Foot/toe 3 (1) 2 (2) 0 1 (1) 0

Total injuries 262 110 49 82 21
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tive. It is unclear why better performance 
on this test should potentially result in 
greater risk. Although not quantified 
directly by the SLDL test, flexibility, ec-
centric strength, and neuromuscular 
control all contribute to successful test 
performance. These attributes are gener-
ally believed to contribute to lower risk 
of injury; hence, the observed associa-
tion is surprising.33-35 However, readers 
should be aware that while possible asso-

ciations were observed, in both instances 
the P values were greater than .05 and the 
90% confidence intervals encompassed 1, 
indicating that very tentative conclusions 
should be drawn.

Methodological Considerations
A number of limitations should be con-
sidered when interpreting the results 
of the present study. Collecting injury 
data in a nonprofessional environment 

is fraught with challenges. The injury 
data-collection method might have in-
fluenced the observed injury incidence. 
McCunn et al29 highlighted various chal-
lenges associated with applying the rec-
ommendations presented in the current 
consensus statement on soccer injury 
data collection within nonprofessional 
soccer.14

Using time loss to define injury se-
verity has significant limitations when 
applied within an environment where 
players are not required to report for 
training/matches on a daily basis (such 
as in the present study).29 In addition, 
the reality of conducting injury research 
within nonprofessional soccer dictated 
that access to advanced medical technol-
ogy was not always possible. As a result, 
when deciding on the most appropriate 
injury diagnosis, objective indicators 
such as X-ray and magnetic resonance 
imaging scans were not always available.

Further, the results of the present 
study are only generalizable to semi-
professional male players, and further 
research may seek to investigate full pro-
fessional, female, or youth populations.

A number of methodological strengths 
should also be acknowledged. The num-
ber of injuries observed in the present 
study allowed for multiple categories to 
be investigated while still satisfying the 
suggestion by Bahr and Holme3 that a 
minimum of 20 to 50 cases be included 
for meaningful analysis. In addition, the 
individuals responsible for collecting the 
injury data and determining the diagnoses 
were blinded to the SIMS score of the par-
ticipants, reducing the likelihood of bias.

The statistical approach used also ac-
counted for multiple injuries to the same 
player and the exposure time of each 
individual. This is rare within research 
that has investigated the association 
with injury of other movement screening 
tests. Furthermore, the use of magnitude-
based inferences provided an estimation 
of the strength of relationship between 
SIMS score and injury risk, rather than 
simply relying on null hypothesis signifi-
cance (P values) testing.20

TABLE 2
Association Between Soccer Injury Movement 

Screen Composite Score and Injury Risk

Abbreviation: NA, not applicable.
*Values in parentheses are 90% confidence interval.
†Bonferroni-corrected P<.05.

Relative Risk* P Value
Bonferroni-

Corrected P Value
Qualitative 
Inference

Primary analysis

Lower extremity injuries (n = 244) 0.98 (0.96, 1.00) .07 NA Most likely trivial

Secondary analysis

Hip/groin injuries (n = 48) 1.01 (0.96, 1.07) .76 3.04 Most likely trivial

Thigh injuries (n = 81) 0.95 (0.91, 0.99) .03 .14 Very likely trivial

Knee injuries (n = 41) 0.94 (0.89, 0.99) .07 .26 Likely trivial

Ankle injuries (n = 48) 1.02 (0.97, 1.07) .49 1.96 Most likely trivial

Tertiary analysis

Hamstring muscle strains (n = 64) 0.94 (0.90, 0.98) .01 .02† Very likely trivial

Ankle sprains (n = 41) 1.04 (0.99, 1.09) .21 .42 Very likely trivial

TABLE 3
Association Between Soccer Injury Movement 
Screen Subtest Scores and Hamstring Muscle 

Strain/Ankle Sprain Injury Risk

Abbreviation: NA, not applicable.
*Values in parentheses are 90% confidence interval.

Relative Risk* P Value Qualitative Inference

Hamstring muscle strains (n = 64)

Anterior reach 0.91 (0.81, 1.02) .16 Possibly trivial

Single-leg deadlift 0.90 (0.80, 1.02) .15 Possibly decreased risk

In-line lunge 0.93 (0.78, 1.11) .49 Possibly trivial

Single-leg hop for distance 0.96 (0.88, 1.05) .43 Likely trivial

Tuck jump 0.97 (0.85, 1.11) .71 Likely trivial

Ankle sprains (n = 41)

Anterior reach 1.06 (0.94, 1.20) .43 Possibly trivial

Single-leg deadlift 1.10 (0.95, 1.28) .29 Possibly trivial

In-line lunge 0.90 (0.73, 1.11) .41 Unclear

Single-leg hop for distance 1.11 (1.00, 1.23) .10 Possibly increased risk

Tuck jump 0.97 (0.83, 1.14) .75 Unclear
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CONCLUSION

T
he SIMS composite score was 
not associated with any of the in-
jury categories investigated. Simi-

larly, the individual subtest scores were 
not associated with injury. Therefore, the 
SIMS should not be used to categorize 
players as “high” or “low” risk. However, 
the SIMS may be useful in other ways. It 
may help practitioners identify physical 
qualities—for example, limb asymmetries 
related to strength and/or flexibility—
that warrant development from a perfor-
mance-enhancement perspective. t

KEY POINTS
FINDINGS: The Soccer Injury Movement 
Screen composite score was not associat-
ed with any of the injury categories inves-
tigated. Similarly, the individual subtest 
scores were not associated with injury.
IMPLICATIONS: The Soccer Injury Movement 
Screen should not be used to categorize 
players as “high” or “low” injury risk.
CAUTION: Using time loss to define injury 
severity has significant limitations when 
applied within an environment where 
players are not required to report for 
training/matches on a daily basis, as in 
the present study.
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APPENDIX

SCORING CRITERIA

General Rater Instructions
Record each participant’s height, weight, and tibial tuberosity height (distance from the floor to the tibial tuberosity). If a participant cannot physically 
perform any test due to pain, then he or she should be considered injured; this should be reported to the relevant club staff members, and the test 
should be postponed.

Scoring Guidelines for the Anterior Reach and Single-Leg Hop for Distance (Objective Assessments)
Anterior Reach
Measure the distance (in centimeters) from the start line to the most distal part of the foot of the reaching leg. Round to the nearest centimeter. Three 
repetitions are performed on each leg, and reach distance should be recorded for each attempt. The maximum reach distances achieved by each leg 
should be used to calculate the difference between left and right. The maximum theoretical score achievable is 10 and would represent a “poor” score. 
In contrast, the theoretical minimum score is 0 and would represent a “good” score.

Difference in Reach Distance Between Legs, cm Test Score

0 0

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

≥10 10

Single-Leg Hop for Distance
Measure the distance (in centimeters) from the start line to the heel of the jumping/landing leg. Round to the nearest centimeter. Three repetitions are 
performed on each leg, and jump distance should be recorded for each attempt. Both jump distance and limb symmetry are considered when assign-
ing a test score. The maximum jump distance achieved on each leg should be used to calculate the score. Combine the scores for jump distance and 
jump symmetry to produce the final score out of 10.

Male Female Test Score

<320 <220 5

321-340 221-240 4

341-360 241-260 3

361-380 261-280 2

381-400 281-300 1

>400 >300 0

Difference Between Best Right and Left Jumps, cm Test Score

>20 5

17-20 4

13-16 3

9-12 2

4-8 1

<4 0

Sum of Right and Left Best Jump Distances, cm
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Scoring Guidelines for the Single-Leg Deadlift, In-Line Lunge, and Tuck Jump (Subjective Assessments)
•	 If an error occurs once and the rater judges it to be egregious, then it should be scored as an error.
•	 If an error (but only to a minor extent) is observed once, then it should not be scored.
•	 If the same error (but only to a minor extent) is observed twice, then it should be scored as an error.

Defining specifically what constitutes “minor extent” or “egregious” is not possible. These judgments are left to the discretion of each individual rater. 
An important consideration is that raters are consistent in their judgments within themselves.

Single-Leg Deadlift
The score for this test is based on the “movement quality” criteria outlined below. Three repetitions are performed on each leg. The maximum theo-
retical score achievable is 10 and would indicate “poor” movement quality. In contrast, the theoretical minimum score is 0 and would indicate “good” 
movement quality. Both legs are scored, and the average of both right and left scores is assigned to the individual.

Item Score

1.	 Is external hip rotation (standing leg) visible? Yes, 1; no, 0

2.	 Does lumbar spine remain neutral? Yes, 0; no, 1

3.	 Does thoracic spine remain neutral? Yes, 0; no, 1

4.	 Does knee of raised leg remain extended throughout? Yes, 0; no, 1

5.	 Is upper- and lower-body movement synchronized? Yes, 0; no, 1

6.	 Is footprint maintained? Yes, 0; no, 1

7.	 Is hip abduction (standing leg) present? Yes, 1; no, 0

8.	 Does the standing-leg knee remain extended throughout? Yes, 0; no, 1

9.	 Is the parallel-to-floor position achieved?* Parallel (90°), 0; 89°-45°, 1; <45°, 2

*The angle being assessed is displayed in the FIGURE below. Scoring is relative to the stance-leg hip flexion angle.

APPENDIX

Sagittal view of the single-leg deadlift: the arrow indicates the angle being observed.
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In-Line Lunge
The score for this test is based on the “movement quality” criteria outlined below. Three repetitions are performed on each side. The maximum theo-
retical score achievable is 8 and would indicate “poor” movement quality. In contrast, the theoretical minimum score is 0 and would indicate “good” 
movement quality. Both legs are scored, and the average of both right and left scores is assigned to the individual. To generate a score out of 10, mul-
tiply the fractional score out of 8 by 10—for instance, if an individual displays 4 out of 8 possible errors, then the score out of 10 is (4/8) × 10 = 5. The 
reason for generating a score out of 10 is to maintain the same weighting between the 5 subtests.

Item Score

1.	 Does dowel remain vertical in frontal plane throughout? Yes, 0; no, 1

2.	 Does torso rotation (transverse plane) occur? Yes, 1; no, 0

3.	 Does dowel remain vertical in sagittal plane throughout? Yes, 0; no, 1 

4.	 Does back knee touch the floor? Yes, 0; no, 1

5.	 Does heel of front foot lift off the floor? Yes, 1; no, 0

6.	 Is footprint maintained throughout? Yes, 0; no, 1

7.	 Are the 3 dowel contact points with the body maintained? Yes, 0; no, 1

8.	 Does knee valgus occur during the movement? Yes, 1; no, 0

Tuck Jump
Mark a cross on the floor using tape (two 60-cm strips that intersect). The score for this test is based on the “movement quality” criteria outlined 
below. The maximum theoretical score achievable is 10 and would indicate “poor” movement quality. In contrast, the theoretical minimum score is 0 
and would indicate “good” movement quality. Myer et al1 created the tuck jump assessment, and any further clarification on scoring procedures can be 
sought from their original article (see reference list for full article details).

Item Score

1.	 Was there knee valgus at landing? Yes, 1; no, 0

2.	 Do thighs reach parallel (peak of jump)? Yes, 0; no, 1

3.	 Were thighs equal side to side (during flight)? Yes, 0; no, 1

4.	 Was foot placement shoulder-width apart? Yes, 0; no, 1 

5.	 Was foot placement parallel (front to back)? Yes, 0; no, 1

6.	 Was foot contact timing equal? Yes, 0; no, 1

7.	 Was there excessive contact landing noise? Yes, 1; no, 0

8.	 Was there a pause between jumps? Yes, 1; no, 0

9.	 Did technique decline prior to 10 seconds? Yes, 1; no, 0

10.	 Were landings in same footprint (within taped cross)? Yes, 0; no, 1

Reference
1.	 Myer GD, Ford KR, Hewett TE. Tuck jump assessment for reducing anterior cruciate ligament injury risk. Athl Ther Today. 2008;13:39-44.

APPENDIX
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U
nderstanding patterns of hamstring muscle activation 
in different exercises may have implications for strength 
training and hamstring and knee injury prevention 
programs. Hamstring muscle activation has been 

examined in a range of resistance training exercises using 
surface electromyography (sEMG)5,15,26 and functional magnetic 
resonance imaging (fMRI).5,13,15 The fMRI technique offers high levels

of spatial resolution and potential-
ly provides greater clarity as to the 
relative contribution of individual 
muscles than does sEMG, which is 
prone to cross-talk.1,7 As far as we 
are aware, however, fMRI has not 

previously been employed to assess ham-
string activation in women.

Furthermore, there are currently dis-
parities between sEMG studies that have 
employed male5 and female26 participants. 
For example, Bourne and colleagues5 re-
cently utilized a combination of sEMG 
and fMRI techniques and reported that 
the Nordic hamstring exercise and leg 
curl selectively activated5 the semitendi-
nosus (ST) and biceps femoris short head 
(BFSH) muscles, while hip extension exer-
cises more uniformly recruited the biartic-
ular hamstrings in men.5 In contrast, Zebis 
and colleagues26 have reported preferen-
tial sEMG activation of the biceps femo-
ris long head (BFLH) during the Nordic 
hamstring exercise and various forms of 
leg curls in women. These discrepancies 
could potentially be due to small differ-
ences in EMG electrode placement and 
may be resolved with fMRI measures of 
hamstring muscle activation in women.

UU BACKGROUND: Understanding hamstring 
muscle activation patterns in resistance training 
exercises may have implications for the design of 
strength training and injury prevention programs. 
Unfortunately, surface electromyography studies 
have reported conflicting results regarding ham-
string muscle activation patterns in women.

UU OBJECTIVES: To determine the spatial pat-
terns of hamstring muscle activity during the 45° 
hip extension and Nordic hamstring exercises 
in women using functional magnetic resonance 
imaging (fMRI).

UU METHODS: This was a cross-sectional study 
in which 6 recreationally active women with no 
history of lower-limb injury underwent fMRI on 
both thighs before and immediately after 5 sets 
of 6 bilateral eccentric contractions of the 45° hip 
extension exercise or the Nordic exercise. Using 
fMRI, the transverse (T2) relaxation times were 
measured from pre-exercise and postexercise 
scans, and the percentage increase in T2 was used 
as an index of muscle activation.

UU RESULTS: The fMRI revealed a significantly 
higher biceps femoris long head-to-semitendino-
sus ratio during the 45° hip extension exercise than 
in the Nordic exercise (P = .028). The T2 increase 
after the 45° hip extension exercise was greater for 
the biceps femoris long head (P<.001), semiten-
dinosus, and semimembranosus (P≤ .001) than 
that for the biceps femoris short head. During the 
Nordic exercise, the T2 increase of the semitendi-
nosus was greater than that of the biceps femoris 
short head (P<.001) and biceps femoris long head 
(P = .001).

UU CONCLUSION: While both exercises involve 
high levels of semitendinosus activation in women, 
the Nordic exercise preferentially recruits that 
muscle, while the hip extension exercise more 
evenly activates all the biarticular hamstrings. 
J Orthop Sports Phys Ther 2018;48(8):607-612. 
Epub 23 Apr 2018. doi:10.2519/jospt.2018.7748

UU KEY WORDS: functional magnetic resonance 
imaging (fMRI), prevention (injury), strength 
training
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Functional magnetic resonance imag-

ing is a noninvasive form of imaging that 
allows for quantification of muscle acti-
vation during exercise.12 The technique 
is based on changes in the T2 relaxation 
time of tissue water,7,12,20 which can be in-
ferred from signal intensity changes on 
fMRI. The T2 relaxation times of muscles 
change in proportion to exercise intensity 
and mirror the changes in sEMG, while 
also overcoming the limitations in spatial 
resolution of sEMG.1,7

The purpose of this study was to de-
termine the spatial patterns of hamstring 
muscle use in women during the 45° hip 
extension exercise and the Nordic ham-
string exercise. Based on previous work 
in men,5 the authors hypothesized that 
the 45° hip extension exercise would dis-
play a higher BFLH/ST activation ratio 
than the Nordic hamstring exercise.

METHODS

Participants

S
ix recreationally active women 
(mean ± SD age, 22.5 ± 5.9 years; 
height, 170.5 ± 7.5 cm; weight, 

59 ± 6.9 kg) participated in this study. 
Participants were free from injuries to 
the trunk, hips, and lower limbs at the 
time of testing and had no known his-
tory of cardiovascular, metabolic, or 
neurological disorders. Participants had 
no history of hamstring strain injury or 
anterior cruciate ligament (ACL) injury. 
Prior to testing, participants provided 
written informed consent to participate 
in the study, which was approved by the 
Queensland University of Technology 
Human Research Ethics Committee and 
The University of Queensland Medical 
Research Ethics Committee.

Study Design
A cross-sectional design was used to de-
termine the spatial patterns of hamstring 
muscle use during the 45° hip extension 
and Nordic hamstring exercises. These 
exercises were chosen based on previ-
ous work, which reported that out of 10 
common exercises, the 45° hip extension 

exercise most selectively activated the 
BFLH, while the Nordic hamstring exer-
cise most selectively recruited the ST.5 At 
least 7 days (±1 day) before experimental 
testing, all participants were familiarized 
with each exercise and had anthropomet-
ric measures taken. Experimental testing 
involved 2 separate sessions separated by 
at least 14 days (14 ± 4 days). Each session 
involved fMRI on both thighs before and 
immediately after one of the exercises. All 
testing sessions were supervised by the 
same investigator to ensure consistency 
of procedures (D.J.M.).

Exercise Protocol
An illustration of the 45° hip extension and 
Nordic exercises can be found in FIGURE 1. 
Participants performed only the eccentric, 
or lowering, phase of each exercise. Par-
ticipants were instructed to perform each 
eccentric repetition at the slowest possible 
speed and were loudly encouraged to pro-
vide maximum effort during each repeti-
tion. During the familiarization session, 
the Nordic hamstring exercise was per-
formed with body mass only on a device 
described previously, which enabled forces 
at the ankle to be assessed.16,18,19 The ankle 
braces and load cells attached to the device 
allowed the forces generated by the knee 
flexors to be measured through the long 
axis of the load cells.

To approximate the intensity of the 
45° hip extension and the Nordic ham-
string exercises, participants performed 
3 maximal eccentric repetitions (falling 
at the slowest possible speed) and con-
centric repetitions (with the assistance of 
an elastic band attached across the chest 
and held by the investigator above and 
behind the participant) of the Nordic 
hamstring exercise. The forces measured 
at each participant’s ankles formed an 
eccentric-to-concentric ratio. During the 
Nordic hamstring exercise, participants 
displayed forces that were approximately 
20% greater during eccentric repetitions 
than during concentric repetitions. Sub-
sequently, participants were given an 
approximate 10-repetition maximum 
(10-RM) load (the heaviest load that can 

be lifted 10 times), in the form of weight 
plates held on the chest for the hip exten-
sion exercise (median, 15 kg; range, 10-
20 kg). They then performed the exercise 
with the allocated load, and the weight 
was gradually increased or reduced until 
a 10-RM load was found. Using Holten’s 
equation (x kg × [100%/80%], where x 
is the 10-RM load), the investigators were 
able to estimate the 1-repetition maxi-
mum (1-RM) hip extension load required 
to match the supramaximal intensity of 
the Nordic hamstring exercise (120% of 
the estimated hip extension 1-RM).

In each subsequent exercise session, 
participants performed 5 sets of 6 rep-
etitions, with 1-minute rest intervals 
between sets. Participants were vocally 
encouraged by investigators to foster 
maximal effort during these tests. Dur-
ing the rest period, participants rested in 
a seated position (45° hip extension exer-
cise) or lay prone (Nordic hamstring ex-
ercise) to minimize activation of the knee 
flexors. Immediately after the completion 
of exercise, participants were returned to 
the scanner for postexercise scans, which 
commenced within 135.4 ± 20 seconds.

Functional Magnetic Resonance Imaging
All fMRI scans were performed using 
a 3-T (Trio Tim; Siemens AG, Munich, 

FIGURE 1. (A) 45° hip extension exercise and (B) 
Nordic hamstring exercise.
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Germany) imaging system with a spinal 
coil. Participants lay supine in the mag-
net bore, with their knees fully extended 
and hips in a neutral position and straps 
secured around both limbs to prevent 
undesired movements. A 180 × 256-mm 
body image matrix was positioned over 
the anterior thighs and aligned with 
the center of the 400 × 281.3-mm field 
of view, which included both limbs and 
spanned the distance between the femoral 
head and the tibial plateau. Consecutive 
T2-weighted axial images were acquired 
for both limbs before and immediately 
following exercise using a Carr-Purcell-
Meiboom-Gill spin-echo pulse sequence 
and the following parameters: transverse 
relaxation time, 2540 milliseconds; echo 
times of 8, 16, 24, 32, 40, 48, and 56 mil-
liseconds; number of excitations, 1; slice 
thickness, 10 mm; interslice gap, 10 mm.

All participants had 2 Carr-Purcell-
Meiboom-Gill spin-echo pulse sequences 
to capture the entire length of the thigh 
muscles, and the total acquisition time 
for each sequence was 6 minutes 25 sec-
onds. A localizer adjustment (20 seconds) 
was applied prior to the first sequence 
of each scan (pre exercise and post ex-
ercise) to standardize the field of view 
and to align collected images between 
the pre-exercise and postexercise scans.2 
A postprocessing (B1) filter was applied 
to minimize any inhomogeneity in mag-
netic resonance images caused by dielec-
tric resonances at 3 T.14 Participants were 
seated for a minimum of 15 minutes prior 
to pre-exercise scans, and were asked to 
avoid strength training of the lower limbs 
for 72 hours prior to data acquisition to 
ensure that the signal intensity profile of 
pre-exercise T2-weighted images was not 
affected by anomalous fluid shifts.14

Measurement of T2 Relaxation Times
The T2 relaxation times of each ham-
string muscle (BFLH, BFSH, ST, and 
semimembranosus [SM]) were mea-
sured in T2-weighted images acquired 
before and after exercise sessions to 
evaluate muscle activation during ex-
ercise. All images were transferred to a 

Windows computer in the Digital Imag-
ing and Communications in Medicine 
file format. The T2 relaxation time for 
all hamstring muscles was measured 
in 5 axial slices, which corresponded to 
30%, 40%, 50%, 60%, and 70% of thigh 
length (defined as the distance between 
the inferior margin of the ischial tuberos-
ity [0%] and the superior border of the 
tibial plateau [100%]).2,14 Image analy-
sis software (Sante DICOM Viewer and 
DICOM Editor; Santesoft Ltd, Nicosia, 
Cyprus) was used to measure the signal 
intensity of each muscle in both limbs in 
pre-exercise and postexercise scans. The 
signal intensity was measured in each 
slice using a 9- to 40-mm2 circular region 
of interest (ROI),12,13 which was placed in 
a homogeneous area of contractile tis-
sue in the center of each muscle belly 
(avoiding aponeurosis, fat, tendon, bone, 
and blood vessels). The signal intensity 
represented the mean value of all pixels 
within the ROI and was measured across 
7 echo times (8, 16, 24, 32, 40, 48, and 
56 milliseconds). For each ROI, T2 relax-
ation time was calculated using the signal 
intensity value at each echo time, which 
was fitted to a monoexponential decay 
model using a least-squares algorithm: 
SI = M´exp(echo time/T2),14 where SI is 
the signal intensity at a specific echo time 
and M represents the pre-exercise fMRI 
signal intensity. To determine the extent 
to which each ROI was activated during 
exercise, the mean percentage change in 
T2 was calculated as (mean postexercise 
T2/mean pre-exercise T2) × 100.

The percentage change in T2 relax-
ation time for each hamstring muscle 
was evaluated using the average value of 
all ROIs at all 5 thigh levels, which pro-
vided a measure of whole-muscle activa-
tion. Previous studies have demonstrated 
excellent intertester reliability of T2 re-
laxation time measures, with intraclass 
correlation coefficients ranging from 0.87 
to 0.94.7,14

Statistical Analysis
The pre-exercise and postexercise T2 
values for each exercise session were re-

ported as mean ± SD. A repeated-mea-
sures linear mixed model fitted with the 
restricted maximum-likelihood method 
was used to compare the spatial patterns 
of hamstring muscle activation during 
the 45° hip extension exercise and Nor-
dic hamstring exercise. For each exercise, 
the log-transformed percentage change 
in T2 relaxation time was compared be-
tween each hamstring muscle. For this 
analysis, muscle was the fixed factor, and 
participant identity and the participant 
identity-by-muscle interaction were the 
random factors. When a significant main 
effect was detected for muscle or exercise, 
post hoc t tests with Bonferroni correc-
tions were used to identify the source 
and reported as mean differences with 
95% confidence intervals (CIs). The ad-
justed alpha was set at P<.003 for these 
analyses.

The 45° hip extension exercise and 
the Nordic hamstring exercise differed 
in terms of movement velocity and ham-
string excursion, so it was not appropri-
ate to compare the magnitude of T2 shifts 
between exercises. To determine differ-
ences in the extent of lateral-to-medial 
hamstring activity between exercises, a 
repeated-measures linear mixed model 
fitted with the restricted maximum-
likelihood method was used to compare 
the differences in the ratio of BFLH-to-
ST percentage change in T2 relaxation 
time. For this analysis, exercise was the 
fixed factor and participant identity the 
random factor. When a main effect was 
found for exercise, post hoc t tests were 
again used to identify the source and 
reported as mean differences (95% CI); 
alpha was set at P<.05 for this analysis, 
and Cohen’s d was reported as a measure 
of the effect size.

RESULTS

T2 Relaxation Time Percentage Change 
Following the 45° Hip Extension Exercise

A 
significant effect for muscle 
was noted regarding T2 chang-
es after hip extension exercise 

(P<.001). Post hoc analyses revealed 
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that the exercise-induced T2 increases 
in the BFSH were significantly less than 
those in the ST (mean difference in the 
log-transformed percentage T2 changes, 
0.94; 95% CI: 0.5, 1.3; P<.001; Cohen’s 
d = 0.8), the SM (mean difference, 0.67; 
95% CI: 0.2, 1.1; P = .001; Cohen’s d = 
0.6), and the BFLH (mean difference, 
0.73; 95% CI: 0.3, 1.1; P<.001; Cohen’s 
d = 0.8) (FIGURE 2A). An example of pre-
exercise and postexercise T2 images is 
shown in FIGURE 3A. No statistically signif-
icant differences were observed between 
any other muscle pairs (P>.003). The 
absolute T2 values before and after the 
45° hip extension exercise and average 

percentage T2 increase for each muscle 
are displayed in the TABLE.

T2 Relaxation Time Percentage Change 
Following the Nordic Hamstring Exercise
A significant effect for muscle was noted 
regarding T2 changes after the Nordic 
hamstring exercise (P<.001). Post hoc 
analyses demonstrated that the exercise-
induced T2 increase in the ST was sig-
nificantly greater than that in the BFSH 
(mean difference, 0.84; 95% CI: 0.4, 1.2; 
P<.001; Cohen’s d = 0.7) and the BFLH 
(mean difference, 0.59; 95% CI: 0.2, 0.9; 
P = .001; Cohen’s d = 0.5) (FIGURE 2B). FIG-

URE 3B shows an example of pre-exercise 

and postexercise T2 images for the Nor-
dic hamstring exercise. No statistically 
significant differences were observed be-
tween any other muscle pairs (P>.003). 
The absolute T2 values before and after 
the Nordic hamstring exercise and av-
erage percentage T2 increase for each 
muscle are displayed in the TABLE.

Comparison of BFLH/ST Ratio  
Between Exercises
A significant main effect was observed for 
exercise (P = .028) when comparing the 
BFLH/ST ratio (FIGURE 4). A significantly 
lower ratio was found during the Nordic 
exercise compared to the 45° hip exten-
sion exercise (mean difference, –0.20; 
95% CI: –0.37, –0.03; P = .028).

DISCUSSION

T
his is the first study to have 
used fMRI to explore the impact 
of exercise selection on hamstring 

muscle activation in women. The find-
ings are consistent with a previous study 
of males5 in showing high levels of ST 
activation during both the eccentric 45° 
hip extension and Nordic hamstring ex-
ercises, although the Nordic hamstring 
exercise preferentially targets the ST, 
while the 45° hip extension exercise 
more evenly activates the 3 biarticu-
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FIGURE 2. Percentage change in functional magnetic resonance imaging T2 relaxation times of each knee flexor 
muscle following (A) the 45° hip extension exercise and (B) the Nordic hamstring exercise. Values are displayed 
as the mean percentage change compared to values at rest. In (A): *Significantly different from BFSH (P<.001). 
†Significantly different from BFLH (P<.001) and SM (P = .001). In (B): *Significantly different from BFSH (P<.001) 
and BFLH (P = .001). Values are mean ± 95% confidence interval. Abbreviations: BFLH, biceps femoris long head; 
BFSH, biceps femoris short head; SM, semimembranosus; ST, semitendinosus.

FIGURE 3. (A) 45° hip extension exercise and 
(B) Nordic hamstring exercise. Region of interest 
selection in a T2-weighted image (1) before and (2) 
after exercise. Abbreviations: BFLH, biceps femoris 
long head; BFSH, biceps femoris short head; SM, 
semimembranosus; ST, semitendinosus.

TABLE

 The Average T2 Relaxation Time Before  
(Pre) and After (Post) the 45° Hip Extension 

and Nordic Hamstring Exercises, and the 
Average T2 Increase of Each Muscle*

Abbreviations: BFLH, biceps femoris long head; BFSH, biceps femoris short head; SM, semimembra-
nosus; ST, semitendinosus.
*Values are mean ± SD.
†Average T2 increase relative to T2 relaxation time at rest.

45° Hip Extension Nordic Hamstring Exercise

Pre, ms Post, ms Increase, %† Pre, ms Post, ms Increase, %†

BFLH 43.21 ± 4.33 54.99 ± 11.67 25.45 ± 16.94 42.09 ± 2.08 53.81 ± 4.38 25.39 ± 13.69

BFSH 42.35 ± 1.25 46.58 ± 4.55 10.46 ± 6.91 41.60 ± 2.02 51.18 ± 4.90 22.46 ± 15.82

ST 42.21 ± 1.86 63.14 ± 8.06 37.13 ± 19.11 41.50 ± 1.29 68.41 ± 9.77 57.99 ± 32.39

SM 42.22 ± 2.76 56.20 ± 2.88 24.90 ± 13.00 41.36 ± 1.88 56.39 ± 7.83 33.27 ± 19.24
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lar hamstrings. Given the high spatial 
resolution of the fMRI technique, these 
findings provide some clarity regarding 
hamstring activation patterns in 2 com-
mon hamstring exercises, which has not 
been produced by sometimes conflict-
ing sEMG studies.5,26 These findings 
may also have implications for design of 
strength training and injury prevention 
programs aimed at reducing hamstring 
strain and ACL injuries.

Explosive lower-body movements 
are frequently performed during com-
petitive sport, and these activities im-
part significant loads on the ACL.11,26 
Given that the hamstrings represent 
the primary form of muscular support 
for this ligament,9 strengthening these 
muscles is increasingly prioritized in 
ACL injury prevention programs.10,24 
It has previously been proposed that 
the ST may play a more significant role 
than the other hamstrings in unloading 
the ACL,25 given that this muscle func-
tions to prevent excessive anterior tibial 
translation and knee valgus, which are 
both movements commonly associated 
with ACL injury.6,10,26 Accordingly, ex-
ercises that selectively activate the ST, 
like the Nordic hamstring exercise, may 
be important in ACL injury prevention 
protocols.

Prior BFLH strain injury is associ-
ated with persistent deficits in muscle 
activation,4,17 BFLH fascicle lengths,23 
and muscle volume.21 These deficits 
appear to persist even after a success-
ful return to sport,8 which suggests 
that conventional rehabilitation pro-
grams are ineffective in restoring opti-
mal structure and function to this most 
commonly injured muscle. Given that 
the acute T2 patterns observed after a 
single exercise bout5 closely match the 
hypertrophic adaptations experienced 
after 10 weeks of training,3 the results of 
the current study suggest that the Nor-
dic hamstring exercise is unlikely to be 
the optimal stimulus for restoring BFLH 
volume in cases of atrophy. Instead, the 
45° hip extension exercise, which elic-
ited a higher BFLH/ST activation ratio, 
may be a useful alternative for redress-
ing these deficits and should be a focus 
of future work.

The mechanism for the nonuniformity 
of muscle activation in different exercises 
is not fully understood; however, mor-
phological and architectural differences 
might be at least partly responsible.5,15 For 
example, the ST displays a larger moment 
arm at the knee than at the hip22 and may, 
therefore, be preferentially activated dur-
ing movements involving knee flexion.22 
In contrast, the BFLH moment arm is 
greater at the hip than at the knee.22 More-
over, the ST is long, thin, and fusiform 
and possesses many sarcomeres in series, 
which may be better suited to contractions 
at long muscle lengths.14

Participants were healthy, recreation-
ally active women, so it cannot be as-
sumed that similar results would occur 
in highly trained female athletes or those 
with a history of hamstring or knee pa-
thology. Furthermore, the T2 response 
following exercise is influenced by a 
range of factors, such as the metabolic 
capacity of the active tissue, which is 
likely to differ between individuals.1,7 The 
investigators attempted to minimize any 
variability by recruiting only female par-
ticipants with a similar age and training 
status. Despite these attempts to approx-

imately standardize the exercise inten-
sity, the 45° hip extension and Nordic 
hamstring exercises differed in terms of 
movement velocity and hamstring excur-
sion, so it was not appropriate to compare 
the absolute magnitudes of T2 shifts be-
tween exercises. However, these findings 
can offer insights into the relative meta-
bolic activity and reliance on different 
hamstring muscles during the eccentric 
contraction of both exercises.

CONCLUSION

F
emale participants display dif-
ferent spatial patterns of hamstring 
muscle activation during hip- and 

knee-based strength exercises. The ST 
muscle displays high levels of muscle ac-
tivation during both the eccentric 45° hip 
extension and Nordic hamstring exercis-
es. Hip extension exercise more evenly 
activates the biarticular hamstrings, 
while the Nordic hamstring exercise pref-
erentially targets the ST. Consequently, 
the 45° hip extension exercise displayed 
a BFLH/ST activation ratio that was ap-
proximately 20% higher than that of the 
Nordic hamstring exercise. These find-
ings may have implications for the design 
of hamstring and ACL injury prevention 
programs. t

KEY POINTS
FINDINGS: While both exercises strongly 
activate the semitendinosus, the Nordic 
hamstring exercise preferentially re-
cruits the semitendinosus muscle, while 
the 45° hip extension exercise activates 
the biarticular hamstring muscles more 
evenly.
IMPLICATIONS: These findings may have 
implications for design of strength 
training and injury prevention programs 
aimed at reducing hamstring strain and 
anterior cruciate ligament injuries.
CAUTION: Participants were healthy, rec-
reationally active women, so it cannot 
be assumed that similar results would 
occur in highly trained female athletes 
or those with a history of hamstring or 
knee pathology.
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FIGURE 4. The BFLH/ST ratio percentage change in 
functional magnetic resonance imaging T2 relaxation 
times following the 45° hip extension exercise and 
the Nordic hamstring exercise. Column bars depict 
the average BFLH/ST ratio for exercise, and the 
lines demonstrate the participants’ BFLH/ST ratio 
response between exercises. *Significant difference 
between exercises (P = .028). Abbreviations: BFLH, 
biceps femoris long head; ST, semitendinosus.
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I
t is recommended that individuals aged 18 to 64 years perform at 
least 150 minutes per week of moderate-intensity aerobic activity, 
at least 75 minutes per week of vigorous-intensity aerobic activity, 
or equivalent combinations.29 The “weekend warrior” performs 

the recommended amount of aerobic activity using 1 or 2 sessions 
per week. The health benefits of the weekend warrior physical activity 
pattern were first described in 2004: Lee and colleagues14 reported 
that all-cause mortality risk was 15% lower in weekend warriors than
in inactive men in their study of 8421 
men in the Harvard Alumni Health 
Study (hazard ratio = 0.85; 95% confi-
dence interval: 0.65, 1.11). O’Donovan 
and colleagues18 confirmed these bene-
fits in one of the most talked-about stud-
ies of 20172: they reported that all-cause 
mortality risk was 30% lower in weekend 
warriors than in inactive adults in their 
study of 63 591 men and women in the 
Health Survey for England and the Scot-
tish Health Survey (hazard ratio = 0.70; 
95% confidence interval: 0.60, 0.82). In 
this Viewpoint, we celebrate sport, exer-
cise, and the weekend warrior. We show 
that the weekend warrior is thriving in 
the United Kingdom, the United States, 
and Latin America. We argue that vig-
orous activity and the pursuit of cardio-
respiratory fitness are important to the 
health of the weekend warrior. Finally, 
we suggest that the weekend warrior 
physical activity pattern should be ac-
commodated in future physical activity 
guidelines and interventions.

Sport, Exercise, and  
the Weekend Warrior
Sport is a form of physical activity that 
includes rules and is usually competitive. 
The true sense of sport is broad: “Sport 
means all forms of physical activity, 
which, through casual or organised par-
ticipation, aim at expressing or improving 
physical fitness and mental well-being, 
forming social relationships or obtaining 
results in competition at all levels.”5 Ex-
ercise is a form of leisure-time physical 
activity that is planned, structured, and 
repetitive. Exercise training is purpose-
ful and is performed with specific exter-
nal goals, including the improvement or 
maintenance of physical fitness, physical 
performance, or health.4 Some 1300 men 
and 1000 women in O’Donovan and col-
leagues’ study18 were weekend warriors. 
Ninety-four percent of the weekend 
warriors reported taking part in sport 
and exercise.18 More than 40% of the 
weekend warriors were in desk-bound 
occupations,18 and O’Donovan and col-

leagues17 have suggested that participa-
tion in sport and exercise once or twice 
per week is enough to increase cardio-
respiratory fitness and to reduce the 
all-cause mortality risk associated with 
today’s sedentary lifestyles. The benefits 
of strength training were not assessed 
in the weekend warriors in O’Donovan 
and colleagues’ study.18 Stamatakis and 
colleagues26 investigated the benefits of 
strength training in the same cohorts, 
and they reported that all-cause mortal-
ity risk was lower in those who reported 
meeting the strength training guideline29 
of at least 2 sessions per week.

Millions of adults in England enjoy 
running, cycling, and sports participa-
tion at least once per week.24,25 The avail-
able evidence suggests that the weekend 
warrior physical activity pattern is also 
popular among adults with higher in-
comes in the United States.23 Sport, ex-
ercise, and the weekend warrior physical 
activity pattern are encouraged in Latin 
America through Ciclovías Recreativas 
and other community programs. Ciclo-
vías Recreativas are innovative, multi-
sectorial community programs in which 
main roads are temporarily closed to mo-
tor vehicle traffic and opened exclusively 
for people to enjoy a safe, free space to 
exercise in a city.22 Every Sunday morning 
and on public holidays, each event takes 
over between 1 and 114 km of road and 
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attracts between 40 and 1 500 000 par-
ticipants from all walks of life.22 Around 
half of the participants are on foot and 
half on wheels.15 The main reasons given 
for taking part include health or exercise 
(53%), having fun (31%), sharing time 
with family and friends (18%), and other 
reasons, such as protecting the environ-
ment (5%).22 Some 42% of adult partici-
pants report at least 3 hours of moderate 
to vigorous activities during a Ciclovía 
Recreativa, and most of them may be 
regarded as weekend warriors; indeed, 
most of them say they would not exercise 
if it were not for the Ciclovía Recreativa.15

Lessons learned from Ciclovías Recre-
ativas in Colombia emphasize the impor-
tance of a rich policy framework, public 
funding, and community appropriation.20 
The National Constitution of 1991 estab-
lished sport and recreation as a right for 
all Colombians. Funding and promoting 
sport and exercise were also defined as re-
sponsibilities of the state. An intersecto-
rial government commission for physical 
activity was created in 2008, and in 2009 
the Colombian congress passed a national 
obesity law that included strategies for im-
proving environments, policies, and pro-
grams for physical activity. The national 
sports institute (Coldeportes) launched 
a national physical activity program in 
2003 and expanded it to healthy lifestyles 
in 2011, reaching all governmental de-
partments of Colombia. It is important 
to note that the sustainability and growth 
of the Ciclovías Recreativas are ongoing 
processes, and that the features relevant 
to their success are dynamic. Both govern-
ment support and community support are 
necessary; neither is sufficient on its own. 
Community support becomes increasingly 
important when government priorities 
change and budgets fall.6

Activity, Fitness, and Health
It is important to reiterate that physical 
activity increases cardiorespiratory fit-
ness because fitness may be a stronger 
predictor of mortality than smoking, 
blood pressure, and other established 
risk factors.21 It is also important to re-

iterate that a relatively low amount of 
vigorous-intensity physical activity in-
creases cardiorespiratory fitness more 
than a relatively high amount of moder-
ate-intensity physical activity,21 because 
a lack of time is regarded as a barrier to 
participation in physical activity.27 For-
ty-five percent of the weekend warriors 
in O’Donovan and colleagues’ study18 
reported taking part in 1 session, and 
55% reported taking part in 2 sessions, 
of physical activity per week. In a classic 
series of experiments, Hickson and col-
leagues9,10 and Hickson and Rosenkoet-
ter11 showed that cardiorespiratory fitness 
could be maintained with 2 sessions of 
vigorous-intensity exercise per week. The 
average body mass index was 27 kg/m2 in 
the weekend warriors in O’Donovan and 
colleagues’ study,18 and it is noteworthy 
that moderate to high levels of fitness 
attenuate, if not negate, the association 
between overweight and cardiovascular 
disease.19 This is the fat-but-fit paradigm 
that is present in one fifth of obese indi-
viduals.19 Musculoskeletal injury risk was 
not assessed in the weekend warriors in 
O’Donovan and colleagues’ study,18 but 
the available evidence suggests that 
physical fitness is inversely associated 
with musculoskeletal injury risk.12,13 In-
deed, it has been suggested that athletes 
train hard in order to develop the physi-
cal capacities required to reduce the risk 
of injury.8 The dose-response relation-
ship to exercise training varies between 
individuals, and exercise should be pre-
scribed on an individual basis.8

A low level of cardiorespiratory fit-
ness of less than 5 metabolic equivalents 
(METs) is associated with increased all-
cause mortality risk.21 A moderate level of 
fitness of 5 to 7 METs is associated with a 
substantial reduction, and a high level of 
greater than 8 to 10 METs is associated 
with a further reduction in all-cause mor-
tality risk.21 We would suggest that exer-
cise be prescribed to achieve moderate 
and high levels of fitness. Many exercise 
scientists7 and laymen3 struggle to under-
stand the terms moderate intensity and 
vigorous intensity, and we recommend 

that the terms good and better be used in-
stead. There is a compendium of physical 
activities1: “good” exercises would be 5 to 
7 METs and “better” exercises would be 
greater than 8 to 10 METs. In this way, 
an exercise scientist might consult the 
compendium and say to someone in his 
or her care: “It is good that you walk at a 
very brisk pace.” And, “It would be better 
if you were to run.” Walking is an ideal 
exercise for beginners, and it is impor-
tant to set achievable goals that provide 
success, build confidence, and increase 
motivation.16 We would suggest that 
middle-aged and older adults take part 
in at least 12 weeks of walking or another 
“good” exercise before gradually adding 
running or another “better” exercise. 
Anyone who has experienced chest pain, 
dizziness, or fainting should see their 
physician before becoming more active.

Future Physical Activity  
Guidelines and Interventions
The recommended frequency is not 
specified in prevailing physical activity 
guidelines.29 Future guidelines should 
be amended, because we now under-
stand that the weekend warrior physical 
activity pattern is the healthy choice18 of 
millions of adults around the world.22-25 
Ciclovías Recreativas inspired by the 
Latin American model are implemented 
in at least 496 cities in 27 countries on 
all continents.22 The United Nations has 
estimated that two thirds of the world’s 
population will be living in urban areas 
by 2050,28 and reclaiming the streets on 
Sunday mornings and public holidays 
may be an ideal strategy to continue the 
rise of the weekend warrior.

Key Points
•	 The weekend warrior physical activity 

pattern is associated with a 30% re-
duction in all-cause mortality risk.

•	 The pursuit of cardiorespiratory fit-
ness is likely important to the health 
of the weekend warrior.

•	 “Good” exercises of 5 to 7 METs in-
crease cardiorespiratory fitness and 
decrease all-cause mortality risk.
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•	 “Better” exercises of greater than 8 to 

10 METs further increase cardiorespi-
ratory fitness and further decrease all-
cause mortality risk.

•	 Reclaiming the streets on Sunday 
mornings and public holidays may be 
an ideal strategy to continue the rise 
of the weekend warriors who run, ride, 
and have fun. t
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UU BACKGROUND: The Patient-Specific Functional 
Scale (PSFS) is among the most commonly used 
measures to assess physical function.

UU OBJECTIVES: We aimed to translate and cross-
culturally validate the PSFS to Nepali and further 
assess its psychometric properties.

UU METHODS: This longitudinal, single-arm cohort 
study translated and cross-culturally adapted 
the PSFS to Nepali (PSFS-NP) following recom-
mended guidelines. A sample of 104 Nepalese with 
musculoskeletal pain was recruited to evaluate 
the psychometric properties of the PSFS-NP. We 
assessed the internal consistency (Cronbach 
alpha), 2-week test-retest reliability (intraclass 
correlation coefficient [ICC3,2]), the smallest 
detectable change at the 90% confidence interval 
(CI), and construct validity. Concurrent validity 
was assessed against the Nepali versions of the 
Oswestry Disability Index, global rating of change, 
and numeric pain-rating scale. Receiver operating 
characteristic curves were plotted to measure 
responsiveness and area under the curve, and the 
minimum important change (MIC) was estimated.

UU RESULTS: The PSFS-NP showed good reliability, 
with a Cronbach alpha of .75, an ICC of 0.89 
(95% CI: 0.78, 0.94), and a smallest detectable 
change at the 90% CI of 1.46. It demonstrated 
significant correlations with the Nepali versions of 
the Oswestry Disability Index (r = –0.47, P = .001), 
global rating of change (r = 0.71, P<.001), and 
numeric pain-rating scale (r = –0.32 and –0.55, 
P<.001). Areas under the curve ranged from 0.72 
to 0.99. The MIC was 2.00 in the main analysis. 
Secondary analyses revealed MICs of 0.50, 0.66, 
and 2.00 for small, medium, and large improve-
ment, respectively.

UU CONCLUSION: The PSFS-NP is a reliable, 
valid, and responsive measure. It can be used 
in clinical practice and research in Nepalese 
with musculoskeletal pain. J Orthop Sports Phys 
Ther 2018;48(8):659-664. Epub 6 Apr 2018. 
doi:10.2519/jospt.2018.7925

UU KEY WORDS: clinimetrics, musculoskeletal 
pain, outcome measures, psychometric,  
responsiveness

T
he Patient-Specific Functional Scale (PSFS) is a patient-
reported outcome measure (PROM) in which patients identify 
the activities that are most important to them and rate their 
ability to perform these activities on a numerical scale from 

0 to 10, where higher scores indicate better physical function.20 The 
advantages of the PSFS over other measures of physical function or 
disability are that (1) it is brief, easy to understand, and comprehensive, 

comes across conditions and between 
studies.1,2,4,11,20

The validity of patient-specific scales 
for comparing across and between groups 
has been questioned; however, recent 
studies have shown that the PSFS is 
valid for use in group-level research and 
clinical data.2 Additionally, a systematic 
review published in 2012 reported that 
the psychometric properties of the PSFS 
were adequate in various musculoskel-
etal conditions.13 This scale is also more 
responsive than other longer measures of 
disability.9,20

Assessment of physical function is 
the primary focus of physical therapy 
interventions; however, this evalua-
tion is hampered in Nepal because of 
limited availability of PROMs to assess 
physical function. Although the Oswes-
try Disability Index (ODI) is validated 
in Nepali,3 administering this measure 
verbally can be challenging, given its 
length and inclusion of sensitive ques-
tions (eg, sex life). Making the PSFS 
available in Nepali would greatly fa-
cilitate assessment of physical function 
across a variety of musculoskeletal con-
ditions in both clinical practice and re-
search in Nepal. Accordingly, we aimed 
to translate and cross-culturally adapt 
the PSFS into Nepali (PSFS-NP), and 
to assess its clinimetric properties in 
Nepalese for the assessment of muscu-
loskeletal pain.

1Centre for Musculoskeletal Outcomes Research, Dunedin School of Medicine, University of Otago, Dunedin, New Zealand. 2Kathmandu University School of Medical Sciences, 
Dhulikhel, Nepal. 3Scheer Memorial Hospital, Banepa, Nepal. This study was approved by the Institutional Review Committee of Kathmandu University School of Medical Sciences, 
Dhulikhel, Nepal (ethical approval number 74/15). The authors certify that they have no affiliations with or financial involvement in any organization or entity with a direct financial 
interest in the subject matter or materials discussed in the article. Address correspondence to Saurab Sharma, Centre for Musculoskeletal Outcomes Research, Dunedin School of 
Medicine, University of Otago, Dunedin, New Zealand. E-mail: saurabsharma1@gmail.com t Copyright ©2018 Journal of Orthopaedic & Sports Physical Therapy®
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Cross-cultural Adaptation and  
Validation of the Nepali Translation  

of the Patient-Specific Functional Scale

patients to be literate; and (4) it can 
be applied across a variety of condi-
tions and body regions, thus eliminat-
ing the need for multiple measures and 
enabling comparison of functional out-

and therefore can be completed in less 
time; (2) it is patient generated and 
considers activities important at an 
individual level; (3) it can be adminis-
tered verbally and so does not require 
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METHODS

A 
longitudinal, single-arm co-
hort design was used, according 
to a methodology described in 

greater detail elsewhere.19 The study was 
conducted in 2 phases. Phase 1 involved 
the translation and cross-cultural adapta-
tion of the PSFS-NP using recommended 
guidelines.5 Refer to APPENDIX A (available 
at www.jospt.org) for the steps of the 
translation.

Phase 2 involved measurement of 
clinimetrics of the PSFS-NP. For this 
phase, adults experiencing muscu-
loskeletal pain and who could count 
numbers from 0 to 10 and could under-
stand and speak Nepali fluently were 
recruited from Dhulikhel Hospital and 
the community (rural and semi-urban). 
Participants were excluded if they had 
undergone any surgeries or had a recent 
history of trauma, a diagnosed psychi-
atric illness, or red flags suggestive of a 
tumor or infection. Ethical approval was 
obtained from the Institutional Review 
Committee of Kathmandu University 
School of Medical Sciences. The COn-
sensus‐based Standards for the selection 
of health Measurement INstruments 
(COSMIN) recommendations guided 
the methodology of the study.16

Sociodemographic characteristics, 
pain history, the PSFS-NP, and Nepali 
versions of the numeric pain-rating scale 
(NPRS-NP)19 and Oswestry Disability 
Index (ODI-NP)3 were assessed at base-
line. The PSFS-NP and NPRS-NP were 
readministered at a 2-week follow-up, 
along with a Nepali 7-item global rating 
of change (GROC-NP)19 as an external 
anchor for computation of measurement 
error and responsiveness.10 A GROC 
score of 4 was categorized as “stable,” and 
scores between 5 and 7 were categorized 
as “improved” (5, slight improvement; 6, 
medium improvement; 7, large improve-
ment). All measures were administered 
verbally to allow inclusion of participants 
with poor or no literacy. The details of the 
measures used are presented in TABLE 1. 
Data were analyzed using SPSS Version 
24 (IBM Corporation, Armonk, NY). The 
level of significance was set at P<.05.

Reliability
Internal consistency was reported using 
the Cronbach alpha, with a score of .90 
or greater indicating excellent internal 
consistency.7 Two-week test-retest reli-
ability was computed for the stable group 
using a 2-way mixed-effects model (with 
absolute agreement) and intraclass cor-
relation coefficient model 3,2 (ICC3,2). 

An ICC value higher than 0.75 indicates 
excellent test-retest reliability.7 We used 
a Bland-Altman plot to report limits 
of agreement.6 Standard error of mea-
surement (SEM) was calculated as SD 
change × (1 – ICC)1/2, where SD change 
equals SD (baseline – final).10 We com-
puted individual-level smallest detect-
able change (SDC) at the 90% confidence 
interval (CI) as z × √2 × SEM (z = 1.64 at 
the 90% CI). We hypothesized that the 
PSFS-NP would demonstrate excellent 
internal consistency and test-retest reli-
ability, and have an SDC90 between 1 and 
2.5, as previously reported.13

Validity
Construct validity of the PSFS-NP was 
examined by testing the hypotheses that 
(1) PSFS change score (PSFS baseline 
score – PSFS final score) would change 
significantly within the improved group 
using a 1-sample t test, and (2) PSFS 
change scores would differ significantly 
between the stable and improved groups 
using an independent-samples t test.12

Concurrent validity was evaluated by 
comparing PSFS baseline scores with 
the ODI baseline scores for the subgroup 
with low back pain (LBP), and with the 
NPRS baseline scores for the total sample. 
We hypothesized a moderate significant 

	

TABLE 1 Nepali Versions of PROMs Used in the Study

Abbreviations: GROC, global rating of change; ICC, intraclass correlation coefficient; MIC, minimum important change; NPRS, numeric pain-rating scale; 
ODI, Oswestry Disability Index; PROM, patient-reported outcome measure; PSFS, Patient-Specific Functional Scale; SDC, smallest detectable change.

PROM Items Scale Construct Assessed Scoring Psychometrics

PSFS 3 0-10, ordinal Physical function Mean of item scores (range, 0-10). Lower scores indicate greater 
disability

…

NPRS19 3 0-10, ordinal Pain intensity Mean of 3 item scores (current, best, and worst in past 24 h) (range, 
0-10). Higher scores indicate greater pain intensity

0 is no pain and 10 is maximum pain

ICC = 0.81; SDC90, 1.13; MIC, 
1.17; concurrent validity (with 
GROC), r = 0.45

ODI3 10 0-5, ordinal Physical function and pain Sum of item scores/number of items rated × 100 (range, 0-100). 
Higher scores indicate greater disability

Cronbach α = .72; ICC = 0.87

GROC19 1 1-7, ordinal Change in global status of the 
patient’s musculoskeletal 
condition (transitional 
scale)

Single-item score (4 is no change). Scores higher than 4 mean 
greater improvement and scores lower than 4 mean greater 
worsening in health status

7 is a lot of improvement, 6 is medium improvement, 5 is slight 
improvement, 4 is no change, 3 is slightly worse, 2 is moderately 
worse, 1 is a lot worse

MIC, 1-point change14,19
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negative correlation. We also correlated 
PSFS change scores with GROC-NP and 
NPRS change (NPRS baseline – NPRS 
final) scores for the total sample. We hy-
pothesized that PSFS change would corre-
late strongly (significantly and positively) 
with the GROC-NP, but moderately (sig-
nificantly and negatively) with the NPRS 
change scores. We considered Pearson 
correlation coefficients of 0.30 to 0.70 as 
a moderate correlation, and greater than 
0.70 as a strong correlation.

Responsiveness
Receiver operating characteristic (ROC) 
curves were plotted to assess the re-
sponsiveness of the PSFS-NP, using the 
GROC-NP as an external anchor.10 The 
ROC curves were plotted for the PSFS 
change scores for the stable group com-
pared with the improved group. Second-
ary analyses assessed (1) stable group 
versus small improvement group, (2) 
stable group versus medium improve-
ment group, and (3) stable group versus 
large improvement group. Area under the 
curve (AUC) was calculated to indicate 
the capacity of the PSFS-NP to differen-
tiate between the stable and improved 
groups. Values of AUC closer to 1 indicate 
better agreement with the GROC.10 Min-

imum important change (MIC) values 
were also calculated.10 We hypothesized 
that MIC values would range from 1 to 
4, as typically reported in a previous sys-
tematic review.13

RESULTS

I
n phase 1, the translation of the 
PSFS to Nepali was successfully com-
pleted. The summary of the translation 

history is reported in APPENDIX A. The PS-
FS-NP can be found in APPENDIX B (avail-
able at www.jospt.org).

In phase 2, 104 adults with musculo-
skeletal pain (75 hospital, 29 community) 
consented to participate in the study. All 
participants completed both the baseline 
and final assessments at a mean ± SD 
interval of 11.5 ± 3.5 days (range, 6-18 
days). The participants’ characteristics 
are described in TABLE 2. Thirty-six par-

ticipants (35%) with complete follow-up 
data were classified as stable, 64 (62%) 
as improved, and 4 (4%) as “worsened” 
based on the GROC scores per a priori 
definition. Forty-five of 48 participants 
(94%) in the LBP subgroup completed 
the ODI-NP.

The PSFS-NP demonstrated accept-
able internal consistency of .75 and ex-
cellent test-retest reliability of 0.89 (95% 
CI: 0.78, 0.94). The SEM and individual-
level SDC90 were 0.63 and 1.46, respec-
tively. The Bland-Altman plot is shown 
in the FIGURE.

The PSFS-NP demonstrated construct 
validity by t tests: t63 = 8.65 (P<.001) 
within the improved group and t98 = 5.21 
(P<.001) between the stable and improved 
groups. Concurrent validity was supported 
by moderate correlations of PSFS base-
line score with ODI baseline score (r = 
–0.47, P = .001) and NPRS baseline score  

TABLE 2 Description of the Participants

Variable Value

Age, y* 41.2 ± 13.5

Sex, n (%)

Male 32 (31)

Female 72 (69)

Total 104 (100)

Ethnicity, n (%)

Newar 34 (33)

Brahmin 23 (22)

Chettri 16 (15)

Other 31 (30)

Education, n (%)

No school 41 (39)

Primary (grades 1-5) 11 (11)

Secondary (grades 6-10) 17 (16)

Higher secondary (grades 11-12) 16 (15)

Bachelor and above 19 (18)

Occupation, n (%)

Agriculture and housework 28 (27)

Household work only 22 (21)

Agriculture only 8 (8)

Sitting job (office/business) 8 (8)

No work 6 (6)

Other 32 (31)

Table continues on page 662.
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FIGURE. Bland-Altman plot for the PSFS-NP. The 
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baseline and follow-up measurements, and the 
x-axis is the mean of PSFS-NP scores at baseline 
and at final measurement. The solid line is the mean 
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SD change, where z = 1.64 at the 90% confidence 
interval. Abbreviation: PSFS-NP, Nepali version of 
the Patient-Specific Functional Scale; GROC, Global 
Rating of Change.
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(r = –0.32, P = .001), a moderate corre-
lation of PSFS change score with NPRS 
change score (r = –0.55, P<.001), and a 
significant, strong positive correlation of 
PSFS change score with the GROC-NP 
(r = 0.71, P<.001). Four ROC curves for 

the PSFS change scores were plotted (see 
APPENDIX C, available at www.jospt.org) for 
the 4 groups based on GROC scores, as 
described in the Methods. The AUCs with 
their CIs and the respective MICs are re-
ported in TABLE 3.

DISCUSSION

T
he PSFS-NP, after translation 
in accordance with recommended 
guidelines, demonstrated acceptable 

clinimetric properties, as hypothesized. 
Although the PSFS has been validated 
in many languages in a variety of clinical 
conditions, this study supports its valida-
tion in individuals with low literacy (50% 
of this study’s participants had only pri-
mary education or less) when adminis-
tered verbally.

Test-retest reliability of the PSFS-NP 
was excellent, in line with our a priori hy-
pothesis. The 95% CI of the ICC of the PS-
FS-NP (0.78, 0.94) is consistent with 6 of 
8 studies included in a previous systematic 
review reporting clinimetric properties 
of the PSFS in musculoskeletal condi-
tions (ranging between 0.76 and 0.97).13 
Only 1 study reported a lower ICC (0.76, 
for chronic lateral epicondylalgia), and 
1 reported a higher ICC (0.97, for LBP). 
Similarly, the Japanese PSFS reported 
almost perfect 1-week reliability (ICC = 
0.98).17 Such high reliability could be be-
cause participants were informed of the 
baseline scores, which may have increased 
the reliability. Likewise, the SDC90 of the 
PSFS-NP (1.46) was also within the hy-
pothesized range (1.0-2.5)13 and equal to 
that reported for chronic LBP.15

Similarly, the PSFS-NP also dem-
onstrated validity as hypothesized. The 
construct validity was established by a 
statistically significant mean difference 
within the improved group, and between 
the stable and improved groups, as in a 
previous study.12

Concurrent validity was also con-
firmed, based on the a priori hypotheses 
of moderate to strong correlations with 
the criterion variables. First, the PSFS 
baseline scores demonstrated moder-
ate correlation (r = –0.47) with the ODI 
baseline scores in this study, which is a 
lower correlation than those previously 
reported (r = 0.51-0.74)20 with the Ro-
land-Morris Disability questionnaire, a 
measure of back-related disability similar 
to the ODI. The strength of correlation 

TABLE 2 Description of the Participants (continued)

Abbreviations: GROC, global rating of change; NPRS, numeric pain-rating scale; PSFS, Patient-
Specific Functional Scale.
*Values are mean ± SD.

Variable Value

Site of pain, n (%)

Low back 48 (46)

Knee 21 (20)

Shoulder 13 (13)

Neck 9 (9)

Elbow 5 (5)

Other 8 (8)

Total duration of pain, mo* 21.70 ± 34.00

Time between evaluations, d* 11.50 ± 3.50

GROC at follow-up, n (%)

Worsened group (<4) 4 (4)

No improvement (4) 36 (35)

Improved group (5-7) 64 (62)

Small improvement (5) 30 (29)

Medium improvement (6) 23 (22)

Large improvement (7) 11 (11)

Average PSFS score (0-10)*

Baseline 3.70 ± 1.73

Final 5.03 ± 2.27

Change (baseline – final) –1.32 ± 1.89

Average NPRS score (0-10)*

Baseline 4.27 ± 1.63

Follow-up 3.36 ± 1.56

Change (baseline – follow-up) 0.90 ± 1.49

TABLE 3
Responsiveness of the Nepali  

Patient-Specific Functional Scale

Abbreviations: AUC, area under the curve; GROC, global rating of change; MIC, minimum important 
change.
*Values in parentheses are 95% confidence interval.

AUC* MIC

Primary analysis (GROC 4 versus GROC 5-7) 0.83 (0.74, 0.91) 2.00

Small improvement (GROC 4 versus GROC 5) 0.72 (0.59, 0.84) 0.50

Medium improvement (GROC 4 versus GROC 6) 0.89 (0.80, 0.98) 0.66

Large improvement (GROC 4 versus GROC 7) 0.99 (0.97, 1.00) 2.00
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of the PSFS and ODI was only moderate, 
which may be because of the verbal ad-
ministrations of the ODI, which likely af-
fected responses to the item related to sex 
life. Culturally, Nepalese patients prefer 
to say that “sex life is absent” rather than 
“sex life is normal” when interviewed, 
which is evident by the lowest scores for 
this item.

Second, correlations of PSFS change 
and GROC scores were strong, as hypoth-
esized, because both assessed change (ie, 
physical function and overall change, 
respectively). As physical function is a 
prime concern of patients, their over-
all reporting of change (assessed by the 
GROC) could be highly influenced by 
change in physical function (assessed by 
the PSFS).8,17

Finally, as hypothesized, the correla-
tion of the PSFS-NP with the NPRS-NP 
was moderate. It is worth noting that 
neither the GROC nor NPRS directly as-
sesses the construct of physical function; 
the findings relating to validity would 
have benefited from use of scales that 
assess the construct of physical function 
specifically. However, due to few available 
valid measures in Nepali, we were limited 
in the present study to investigating this 
only in people with LBP, using the ODI-
NP, which supported concurrent validity. 
Nevertheless, we can confirm the con-
struct validity of the PSFS-NP, because, 
as proposed by Terwee and colleagues,21 
more than 75% of the a priori hypotheses 
were achieved.

The MIC value (2.00) of the PSFS-NP 
in the current study lies within the range 
reported previously, as hypothesized.13 
The MIC values obtained in this study 
are consistent with those reported previ-
ously for chronic LBP8,15 using the same 
method of assessment, by ROC curve. 
The stepwise increase of MICs for small, 
medium, and large change for the PSFS-
NP (0.50, 0.66, and 2.00, respectively) 
supports its construct validity. This meth-
od of estimating the MIC for small, medi-
um, and large change separately provides 
a conservative estimate of MIC; that is, 
calculation of the MIC using cut points 

for medium (or lesser) change or large (or 
lesser) change would result in lower esti-
mates for MIC than this discrete-groups 
method.

Although the current study is robust 
in terms of its methodology and complies 
with COSMIN recommendations,16 the 
results should be interpreted with consid-
eration of its limitations. First, the find-
ings related to reliability of the PSFS-NP 
are based on a relatively small number of 
individuals in the stable group (n = 36). 
A larger sample size may provide greater 
certainty for reliability coefficients.

Second, because the findings on re-
sponsiveness are based on a relatively 
short duration of follow-up (6-18 days, 
which is shorter than many studies), the 
magnitude of change may be smaller than 
that observed in other studies. This dis-
advantage of a shorter follow-up period is 
offset by the current study’s shorter recall 
time for the GROC, which likely reduced 
recall bias.18

Finally, the findings of this study are 
limited to individuals with musculoskel-
etal pain and so may not be generalized 
to other health conditions, such as car-
diopulmonary or neurological condi-
tions. Future research may consider the 
usefulness of the PSFS in other health 
conditions.13

The findings of this research have 
important clinical and research impli-
cations. As the assessment of physical 
function is recommended in core out-
come sets,7,10 the availability of a validat-
ed PSFS-NP will facilitate its use in the 
assessment of physical function in mus-
culoskeletal conditions in Nepal, in both 
research and clinical practice.

CONCLUSION

T
he Nepali version of the PSFS is 
a reliable, valid, and responsive 
measure for assessment of physical 

function in individuals with musculo-
skeletal pain. Clinicians should consider 
a change of score lower than 1.5 on the 
0-to-10 PSFS-NP as measurement error, 
and a score change of 2 points as a mean-

ingful change in function for people with 
musculoskeletal pain. t

KEY POINTS
FINDINGS: The Nepali translation of the 
Patient-Specific Functional Scale (PSFS) 
is a reliable, responsive, and valid measure 
for assessing physical function of Nepalese 
adults with musculoskeletal pain.
IMPLICATIONS: Clinicians and researchers 
should consider a change of 2 (out of 10) 
of the average score of 3 items as a clini-
cally meaningful change for patients 
with musculoskeletal pain. A score of 
1.46 (out of 10) is the smallest detect-
able change, and any change score less 
than this should be considered a mea-
surement error.
CAUTION: The validity of the PSFS was 
established in adult Nepalese with 
musculoskeletal pain with sufficient nu-
meracy to understand a numerical scale. 
The measure should not be considered 
valid or reliable in individuals with a 
lower level of numerical skill, or in other 
patient populations, such as patients 
with neurological, cardiopulmonary, or 
pediatric conditions.
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APPENDIX A

The original English version of the PSFS

Forward translation synthesis (T4)
Discrepancies between the 3 forward 

translations were resolved after 
discussion, which was facilitated by 
the lead author (S.S.)

Expert committee review
• Consisted of all the translators, researchers, methodologists, and original 

measure developer
• Remotely located experts were contacted via e-mails or Skype
• All the translations were reviewed, including the reports
• Prefinal version of the PSFS-NP was produced after consensus (T8)

Pretesting
• Prefinal version tested on 30 individuals with musculoskeletal pain 

representative of age, sex, and education
• Every participant was probed to inquire if he or she correctly identified 

the actual meaning of the instruction and the scale
• Questions were raised if any changes in the questionnaire would make it 

easier for participants  to understand

Approval of the PSFS-NP by the developer
• The final PSFS-NP was back translated to English and was sent to the 

developer (Dr Paul Stratford), with translation history, for his review
• The final translation was approved by Dr Stratford
• The PSFS-NP can be found as an online-only appendix at www.jospt.org

Creation of the final version of the PSFS-NP
• Minor changes were made in the sentence structure and choice of 

simpler words after the feedback by participants during pretesting
• Instructions to the clinicians and English words (eg, “history” and 

“physical examination”) were included within parentheses
• A scale was added for ease of explaining the numbers to patients, 

especially to those with lower education and older age    
• Tables were labeled clearly for clinicians, describing what to write in them

Forward translation 1 (T1) 
(by a nonmedical native 
Nepali translator)

Forward translation 2 (T2) 
(by a Nepali physical 
therapist)

Forward translation 3 (T3) 
(by a professional 
translator)St

ag
e 

1

Back translation (T5) Back translation 2 (T6) Back translation 3 (T7)

St
ag

e 
3

St
ag

e 
4

St
ag

e 
5

St
ag

e 
6

St
ag

e 
2

Note: All the back translations were performed independently by native English speakers blind to the original English version of the PSFS. 

FIGURE. Translation history of the Nepali version of the PSFS. Abbreviations: PSFS, Patient-Specific Functional 
Scale; PSFS-NP, Nepali version of the Patient-Specific Functional Scale.

 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 o

n 
O

ct
ob

er
 2

3,
 2

02
4.

 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.



c2  |  august 2018  |  volume 48  |  number 8  |  journal of orthopaedic & sports physical therapy

[ research report ]

APPENDIX B
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APPENDIX C
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FIGURE. Receiver operating characteristic curves. (A) Stable group (GROC, 4) versus improved group (GROC, 5-7), (B) stable group (GROC, 4) versus small improvement 
group (GROC, 5), (C) stable group (GROC, 4) versus medium improvement group (GROC, 6), and (D) stable group (GROC, 4) versus large improvement group (GROC, 7). 
Abbreviation: GROC, global rating of change.
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A
nterior cruciate ligament (ACL) injuries in adolescent athletes 
have been increasing over the past 2 decades, due to a greater 
number of adolescents participating in high-demand, 
organized sports.12 Though surgical anterior cruciate ligament 

reconstruction (ACLR) is the preferred treatment, there remains a

Commonly utilized clinical return-to-
sport criteria include time since surgery, 
visual movement analysis, and symmetry 
of strength and hop distance.16 Although 
symmetry is often considered a prerequi-
site for return to sport, recent research has 
indicated that comparison with the con-
tralateral limb may not be ideal because 
of deficits on the contralateral side after 
surgery.7,24 Gokeler et al7 found that young 
adult athletes had bilateral deficits on 4 
different hop tests 7 months post ACLR 
compared with controls. Wellsandt et al24 
concluded that patients who met a 90% 
symmetry criterion for strength and hop 
tests 6 months post ACLR would not pass 
if compared against performance on the 
contralateral limb before, rather than after, 
surgery. Thus, symmetry of strength and 
hop distance may not indicate adequate 
recovery and readiness for return to sport.

In addition, assessment of hop dis-
tance symmetry does not offer infor-
mation about movement quality, which 
has been associated with ACL injury 
risk for functional tasks such as cutting 
and landing.9,14,21 Xergia et al28 found no 
relationship between hop distance sym-
metry and kinematic or kinetic perfor-
mance, only a correlation with isokinetic 
strength. Orishimo et al20 showed that, 

UU BACKGROUND: Return-to-sport protocols after 
anterior cruciate ligament reconstruction (ACLR) 
often include assessment of hop distance sym-
metry. However, it is unclear whether movement 
deficits are present, regardless of hop symmetry.

UU OBJECTIVES: To assess biomechanics and 
symmetry of adolescent athletes following ACLR 
during a single-leg hop for distance.

UU METHODS: Forty-six patients with ACLR (5-12 
months post surgery; 27 female; mean ± SD age, 
15.6 ± 1.7 years) were classified as asymmetric 
(operative-limb hop distance less than 90% that 
of nonoperative limb [n = 17]) or symmetric (n = 
29) in this retrospective cohort. Lower extremity 
biomechanics were compared among operative 
and contralateral limbs and 24 symmetric controls 
(12 female; mean ± SD age, 14.7 ± 1.5 years) using 
analysis of variance.

UU RESULTS: Compared to controls, asym-
metric patients hopped a shorter distance on 
their operative limb (P<.001), while symmetric 
patients hopped an intermediate distance on both 

sides (P≥.12). During landing, the operative limb, 
regardless of hop distance, exhibited lower knee 
flexion moments compared to controls and the 
contralateral side (P≤.04), with lower knee energy 
absorption than the contralateral side (P≤.006). 
During takeoff, both symmetric and asymmetric 
patients had less hip extension and smaller ankle 
range of motion on the operative side compared 
with controls (P≤.05). Asymmetric patients also 
had lower hip range of motion on the operative, 
compared with the contralateral, side (P = .001).

UU CONCLUSION: Both symmetric and asym-
metric patients offloaded the operative knee; 
symmetric patients achieved symmetry, in part, 
by hopping a shorter distance on the contralateral 
side. Therefore, hop distance symmetry may not 
be an adequate test of single-limb function and 
return-to-sport readiness. J Orthop Sports Phys 
Ther 2018;48(8):622-629. Epub 30 Mar 2018. 
doi:10.2519/jospt.2018.7817

UU KEY WORDS: biomechanics, motion analysis, 
pediatrics, single-leg hop

1Children’s Orthopaedic Center, Children’s Hospital Los Angeles, Los Angeles, CA. 2Keck School of Medicine, University of Southern California, Los Angeles, CA. 3Connecticut 
Children’s Medical Center, Hartford, CT. All study procedures were approved by the Children’s Hospital Los Angeles Institutional Review Board. The authors certify that they 
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correspondence to Dr Tishya A.L. Wren, Children’s Hospital Los Angeles, 4650 Sunset Boulevard, Number 69, Los Angeles, CA 90027. E-mail: twren@chla.usc.edu t Copyright 
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Hop Distance Symmetry Does Not 
Indicate Normal Landing Biomechanics in 
Adolescent Athletes With Recent Anterior 

Cruciate Ligament Reconstruction

significant risk of graft retear or a new 
injury in the contralateral healthy knee 
within the first 7 months after young ath-
letes return to sport.15,25 Despite consider-

able debate over when adolescents with 
ACLR should be allowed to return to 
sport, clear and objective clinical guide-
lines have yet to gain consensus.1
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post ACLR, patients meeting an 85% 
hop distance symmetry criterion still 
exhibited kinematic and kinetic asym-
metries during both takeoff and landing, 
including reduced range of motion at all 
lower extremity joints and lower mo-
ments and power absorption at the knee, 
with compensation at the hip and ankle. 
Previous studies of limb asymmetry have 
also focused on adults, although ACL 
injury and reinjury have a much higher 
incidence in adolescents.12,14 Little is 
known about movement quality and its 
relationship to hop distance symmetry 
in adolescent patients following ACLR.

The purpose of this study was to com-
pare single-leg hop biomechanics in ado-
lescent patients with recent ACLR among 
operative limbs and contralateral nonop-
erative limbs, and in uninjured controls, 
to determine whether 90% hop distance 
symmetry may indicate normalization of 
biomechanics and, therefore, return-to-
sport readiness. The authors hypothesized 
that both symmetric and asymmetric ado-
lescents would demonstrate reduced flex-
ion and loading of the reconstructed knee, 
with compensation at the hip and ankle, 
during the rehabilitation period.

METHODS

T
his retrospective study exam-
ined data from a consecutive series 
of patients aged 12 to 18 years who 

were seen in the Children’s Orthopaedic 
Center, Children’s Hospital Los Angeles 
Motion and Sports Analysis Laboratory 
between February 2013 and February 
2017 for assessment of rehabilitation 
progress following unilateral ACLR. Pa-
tients were excluded if they had a history 
of other serious lower extremity injury or 
surgery within the previous 5 years, had a 
previous ACL injury, could not complete 
the tasks, or had missing motion-anal-
ysis data during landing. Patients were 
not yet cleared for return to full activity 
at the time of testing. The authors also 
examined retrospective data from con-
trols in the same age range who had been 
tested to provide normative data for the 

laboratory between July 2013 and August 
2016. Each control participant played or-
ganized sports at least 3 times per week 
and had no history of lower extremity 
injury or surgery. Informed consent and 
assent were obtained from parents and 
participants in accordance with protocols 
approved by the Children’s Hospital Los 
Angeles Institutional Review Board. A 
waiver of consent approved by the Insti-
tutional Review Board was used to access 
some patient data retrospectively.

Data collection was performed by 2 
experienced pediatric physical thera-
pists with specialized training in sports 
biomechanical assessment and motion 
analysis. Anthropometric measurements 
were obtained using standard clini-
cal procedures, and a single-leg hop for 
maximal distance was performed as part 
of more extensive biomechanical testing. 
For the single-leg hop, participants were 
instructed to stand on 1 leg and jump as 
far as possible, landing on the same leg 
on a target force plate. For a trial to be 
successful, participants were required 
to stick the landing for a minimum of 2 
seconds. Participants warmed up for ap-
proximately 5 minutes prior to testing 
and practiced the task 2 to 3 times until 
they felt comfortable. Three successful 
trials were performed on each limb, and 
the trial with the longest hop distance 
was used for analysis.

During the single-leg hop trials, 3-D 
motion-analysis data were recorded us-
ing an 8- to 10-camera motion-capture 
system (Vicon 612 and Nexus 2; Oxford 
Metrics, Yarnton, UK) and a triaxial ana-
log force plate (OR6-5; Advanced Me-
chanical Technology, Inc, Watertown, 
MA). A modified plug-in gait4 marker 
set was used; the modifications included 
using patella markers instead of thigh 
wands27 and placing the tibia markers 
directly over the proximal tibial crest.17,22 
During a static calibration trial, the knee 
axis was defined using knee-alignment 
devices, which create virtual markers to 
define the knee flexion axis based on vi-
sual alignment of physical axes by the as-
sessor11; the ankle axis was defined using 

markers on the medial and lateral mal-
leoli. Motion data were collected at 120 
Hz and force-plate data at 2400 Hz. Mo-
tion and force data were filtered using a 
Woltring filter with a mean-square error 
of 10 mm. Hop distance was measured 
as the horizontal displacement of the toe 
marker at the beginning and end of the 
jump. Lower extremity kinematics and 
kinetics were calculated using standard 
commercial software (Vicon Workstation 
or Nexus 2; Oxford Metrics).

Kinematic and kinetic measures re-
flecting shock absorption (sagittal angles, 
moments, and energy absorption) and 
dynamic-limb valgus (pelvic drop, hip 
adduction and internal rotation, knee 
abduction and knee abduction moments) 
were evaluated at initial contact and be-
tween initial foot contact and maximum 
knee flexion of the weight-bearing limb 
during landing. This deceleration phase 
was studied because it represents the pe-
riod when the majority of noncontact ACL 
injuries occur, particularly in the first 40 
milliseconds after initial contact.2,26 Shock 
absorption is important for dissipating 
landing forces,20 and dynamic-limb val-
gus has been identified as a risk factor 
for ACL injury.9 Positive values indicate 
anterior pelvic tilt and ipsilateral eleva-
tion; hip flexion, adduction, and internal 
rotation; knee flexion and adduction; and 
ankle dorsiflexion. External moments are 
reported, with positive values indicating 
hip and knee flexion moments, ankle dor-
siflexion moments, and knee adduction 
moments. Energy absorption was calcu-
lated as net joint power integrated over 
time, from initial contact to maximum 
knee flexion, in regions with negative in-
ternal power. The sagittal kinematic vari-
ables were also examined during takeoff 
from maximum knee flexion to foot-off to 
investigate possible biomechanical con-
tributors to hop distance.

Kinetics were not available during 
takeoff, because participants did not 
jump from a force plate and takeoff data 
were missing for some participants who 
started their jump outside the motion-
capture volume.
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Moments, ground reaction forces, 

and power integrals were normalized 
using nondimensional normalization to 
account for differences in size among 
participants.10 Nondimensional normal-
ization was used instead of traditional 
mass normalization because it reduces 
size effects more effectively.23 Nondimen-
sional normalization accounts for all 
dimensions of mass, length, and time, 
resulting in a unitless measure, whereas 
traditional normalization accounts for 
only some of these effects (eg, moments 
in Newton meters per kilogram have re-
maining components of length and time, 
in square meters per square seconds).

For analysis, patients were grouped 
based on their limb symmetry index 
(LSI), which was defined as the hop dis-
tance of the operative limb divided by the 
hop distance of the contralateral limb, ex-
pressed as a percentage. Following typical 
clinical criteria, patients with an LSI of 
less than 90% were classified as asym-
metric, while patients with an LSI of 90% 
or greater were classified as symmetric. 
Controls were considered asymmetric if 
they hopped less than 90% of the contra-
lateral distance on either limb. Because 
symmetry of hop distance is considered 
to be the ideal outcome, the main analy-
ses compared reconstructed limbs of pa-
tients to contralateral limbs of patients 
and to limbs of symmetric controls.

Demographic and anthropometric 
characteristics were compared between 
symmetric patients, asymmetric patients, 
and symmetric controls using chi-square 
tests for categorical variables and analysis 
of variance with Bonferroni-adjusted post 
hoc tests for continuous variables. For the 
main analysis, analysis of variance was 
used to assess differences among groups 
and limbs, including a group-by-limb 
interaction. The between-subject factor 
was group (asymmetric, symmetric, or 
control), and the within-subject factor 
was limb (operative or nonoperative; 
all control limbs were considered non-
operative). When the overall analysis 
of variance indicated significant effects 
(group, limb, or interaction), pairwise 

post hoc tests were performed compar-
ing group-limb subgroups (control, 
symmetric operative, symmetric nonop-
erative, asymmetric operative, asymmet-
ric nonoperative). These post hoc tests 
used paired t tests for comparison of op-
erative versus contralateral limbs within 
patients and unpaired t tests for all other 
comparisons. Bonferroni adjustment of 
P values was performed to adjust for the 
multiple post hoc comparisons. All analy-
ses were performed using Stata Version 
14.0 (StataCorp LLC, College Station, 
TX), with a significance level of .05.

RESULTS

F
orty-six patients post ACLR met 
the eligibility criteria and were in-
cluded in the study. Their mean ± 

SD time following surgery was 7.2 ± 1.3 
months (range, 5.1-11.7 months). Of 39 
controls meeting the eligibility criteria, 
15 (38%) had hop distance asymme-
try greater than the 10% threshold. Of 
these, 6 hopped farther on the dominant 
limb and 9 hopped farther on the non-
dominant limb. There was no difference 
in hop distance between the dominant 
and nondominant limbs of controls 
(dominant, 1.56 ± 0.36 leg lengths 
[LL]; 95% confidence interval: 1.44, 
1.67 LL; nondominant, 1.56 ± 0.37 LL; 
95% confidence interval: 1.44, 1.69 LL; 

P = .93). Dominant and nondominant 
control limbs were, therefore, combined 
in the analysis. Because symmetric hop 
distance is considered ideal, only the 24 
symmetric controls were used for com-
parison with the patients. Seventeen 
of 46 patients (37%) were classified as 
asymmetric.

No significant differences were identi-
fied between asymmetric patients, sym-
metric patients, and symmetric controls 
in terms of sex, age, height, or time since 
surgery (TABLE 1). Patients had higher 
weight and body mass index than con-
trols, but the difference was statistically 
significant for symmetric patients only.

TABLE 1
Comparison of Participant Demographic and 

Clinical Characteristics Among Groups*

*Values are mean ± SD unless otherwise indicated. Statistical significance was evaluated using an 
analysis of variance, with Bonferroni-adjusted post hoc tests for continuous variables and chi-square 
tests for proportions.
†P≤.02 versus controls.
‡P<.001 versus controls and symmetric patients.

Characteristic Controls (n = 24)
Symmetric Patients 

(n = 29)
Asymmetric 

Patients (n = 17) P Value

Sex (female), n (%) 12 (50) 16 (55) 11 (65) .65

Age, y 14.7 ± 1.5 15.6 ± 1.7 15.6 ± 1.7 .08

Height, cm 166.0 ± 9.9 166.9 ± 11.2 164.5 ± 10.9 .78

Weight, kg 54.4 ± 8.8 64.3 ± 11.7† 60.2 ± 16.7 .02

Body mass index, kg/m2 19.6 ± 1.8 23.0 ± 2.8† 22.2 ± 5.9 .004

Time since surgery, mo … 7.2 ± 1.4 7.1 ± 1.2 .77

Limb symmetry index, % 100.0 ± 4.8 99.9 ± 8.7 76.6 ± 9.8‡ <.001

0.5
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Control Symmetric Asymmetric
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FIGURE 1. Comparison of hop distance among 
patient reconstructed, patient contralateral, and 
control limbs for symmetric and asymmetric patients.  
Abbreviations: ACLR, anterior cruciate ligament 
reconstruction; LL, leg lengths.
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Compared with controls, asymmetric 
patients hopped a similar distance on the 
uninjured limb but a significantly shorter 
distance on the reconstructed limb (TABLE 

2, FIGURE 1). The average LSI for asymmet-
ric patients was 77% ± 10%, ranging from 
53% to 89%. In contrast, despite having an 
LSI greater than 90%, symmetric patients 
hopped an intermediate distance on both 
the operative and nonoperative limbs.

During landing, asymmetric patients 
had lower knee flexion moments and 

energy absorption at the knee on the 
operative side compared with both their 
contralateral side and with uninjured 
limbs (controls and nonoperative limbs 
of symmetric and asymmetric patients) 
(FIGURE 2, TABLE 2). They also had lower 
peak hip and knee flexion angles on the 
operative side compared with their con-
tralateral side and both sides of sym-
metric patients, greater plantar flexion 
at initial contact compared with their 
contralateral side and controls, and low-

er peak ankle dorsiflexion compared with 
both limbs of symmetric patients.

Symmetric patients also had lower 
knee flexion moments on the operative 
side compared with controls and the con-
tralateral side, as well as lower energy ab-
sorption at the knee compared with their 
contralateral side. Symmetric patients 
also had greater hip flexion angles and 
moments on both sides compared with 
controls, as well as greater energy absorp-
tion at the hip on the operative side.

	

TABLE 2
Comparison of Kinematic and Kinetic Variables Between Symmetric and  

Asymmetric Patients and Symmetric Controls During Single-Leg Hop Landing*

Abbreviations: BW, body weight; LL, leg lengths; ND, nondimensional.
*Values are mean ± SD unless otherwise indicated.
†P<.05 versus control.
‡P<.05 versus asymmetric nonoperative.
§P<.05 versus symmetric nonoperative.
‖P<.05 versus symmetric operative.

Both Sides  
(n = 48 sides)

Nonoperative  
(n = 29)

Operative  
(n = 29)

Nonoperative  
(n = 17)

Operative  
(n = 17) Group Limb

Group 
by Limb

Distance jumped, LL 1.63 ± 0.32 1.43 ± 0.34 1.43 ± 0.36 1.60 ± 0.33 1.22 ± 0.29†‡ .38 <.001 <.001

At initial contact, deg

Pelvic tilt 11.1 ± 8.6 13.1 ± 13.3 13.3 ± 12.3 13.8 ± 8.3 13.8 ± 10.2 .82 .92 .95

Hip flexion 39.6 ± 8.9 43.2 ± 11.5 45.3 ± 9.1 43.8 ± 7.6 39.4 ± 9.5 .19 .37 .009

Knee flexion 10.8 ± 5.8 11.1 ± 5.9 10.7 ± 6.3 10.6 ± 5.4 8.7 ± 7.3 .70 .28 .48

Ankle dorsiflexion –1.9 ± 12.2 –4.1 ± 15.4 –6.2 ± 15.0 1.7 ± 8.9 –13.3 ± 15.4†‡ .98 <.001 .005

Pelvic obliquity –9.9 ± 4.2 –10.7 ± 4.0 –10.6 ± 4.1 –11.5 ± 3.7 –12.5 ± 3.7 .12 .64 .54

Hip adduction –9.7 ± 5.7 –10.4 ± 5.8 –8.8 ± 6.7 –10.8 ± 7.1 –9.9 ± 4.7 .77 .23 .74

Knee adduction 2.8 ± 2.7 1.1 ± 2.7 0.5 ± 3.1 0.9 ± 4.4 0.2 ± 4.1 .13 .14 .88

Hip rotation 3.4 ± 7.3 0.3 ± 6.5 2.5 ± 6.8 4.1 ± 7.0 1.2 ± 8.1 .48 .76 .06

Initial contact to peak knee flexion

Maximum pelvic tilt, deg –0.7 ± 4.6 –2.3 ± 4.7 0.02 ±5.4 –3.0 ± 4.4 –1.8 ± 6.4 .72 .66 .46

Maximum hip flexion, deg 55.1 ± 13.1 68.5 ± 13.9† 71.1 ± 14.4† 65.8 ± 17.0 55.9 ± 16.1‡§‖ .002 .02 <.001

Maximum knee flexion, deg 61.1 ± 14.1 68.9 ± 10.4 65.9 ± 10.7 66.3 ± 15.5 53.6 ± 16.6‡§‖ .03 <.001 .005

Maximum ankle dorsiflexion, deg 14.8 ± 8.3 17.1 ± 7.1 16.8 ± 7.2 13.2 ± 7.6 9.3 ± 9.1§‖ .03 .07 .12

Minimum pelvic obliquity, deg –10.2 ± 3.8 –10.8 ± 4.0 –10.6 ± 4.1 –11.8 ± 3.8 –12.6 ± 4.0 .10 .76 .58

Maximum hip adduction, deg 4.1 ± 5.9 1.9 ± 5.5 5.2 ± 6.7 1.4 ± 7.6 4.9 ± 7.3 .23 .01 .95

Minimum knee adduction, deg 1.5 ± 3.4 0.4 ± 2.9 0.2 ± 2.8 -0.6 ± 4.7 –0.9 ± 4.7 .15 .66 .94

Maximum hip internal rotation, deg 7.1 ± 6.7 5.4 ± 5.6 7.6 ± 5.8 7.8 ± 7.7 7.7 ± 7.3 .63 .36 .33

Peak ground reaction force, BW 3.1 ± 0.6 2.8 ± 0.5 2.8 ± 0.4 3.1 ± 0.6 3.0 ± 0.6 .13 .12 .61

Average hip flexion moment, ND 0.121 ± 0.060 0.181 ± 0.057† 0.189 ± 0.051† 0.159 ± 0.070 0.150 ± 0.076 .004 .93 .17

Average knee flexion moment, ND 0.152 ± 0.046 0.133 ± 0.043 0.106 ± 0.032†§ 0.155 ± 0.059‖ 0.086 ± 0.061†‡§ .68 <.001 .01

Average ankle dorsiflexion moment, ND 0.073 ± 0.050 0.077 ± 0.029 0.077 ± 0.039 0.048 ± 0.052 0.091 ± 0.046‡ .66 .009 .009

Energy absorption at hip, ND 0.060 ± 0.044 0.084 ± 0.038 0.096 ± 0.050† 0.084 ± 0.056 0.056 ± 0.036‖ .04 .19 <.001

Energy absorption at knee, ND 0.122 ± 0.056 0.144 ± 0.052 0.107 ± 0.046§ 0.150 ± 0.064 0.078 ± 0.048†‡§ .17 <.001 .03

Energy absorption at ankle, ND 0.038 ± 0.027 0.044 ± 0.025 0.045 ± 0.024 0.037 ± 0.028 0.048 ± 0.032 .82 .18 .24

Average knee adduction moment, ND 0.098 ± 0.047 0.071 ± 0.032† 0.056 ± 0.022† 0.075 ± 0.036 0.060 ± 0.024† .02 .01 .98

Controls Symmetric Patients Asymmetric Patients P Values
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Both symmetric and asymmetric pa-

tients had lower average knee adduction 
moments compared with controls, with 
the difference being statistically signifi-
cant for both limbs of symmetric patients 
and the operative limb of asymmetric pa-
tients (FIGURE 3, TABLE 2).

Takeoff kinematics were available 
for 25 of 29 symmetric patients, 15 of 17 
asymmetric patients, and 19 of 24 sym-
metric controls. Asymmetric patients 
demonstrated lower peak knee flexion 
and hip flexion range of motion on the 
operative side compared with the contra-
lateral side (TABLE 3). Ankle dorsiflexion 
range of motion was lower on the opera-

tive side of both symmetric and asym-
metric patients compared with controls. 
Hip extension (ie, minimum hip flexion) 
was reduced compared to controls on the 
operative side in asymmetric patients and 
bilaterally in symmetric patients.

DISCUSSION

A 
similar percentage of ACLR pa-
tients (37%) and controls (38%) 
were asymmetric based on a typi-

cal 90% hop distance threshold. This 
suggests that symmetry of hop distance 
may not indicate ideal biomechanics or 
return-to-sport readiness. Regardless of 

hop distance symmetry, adolescent pa-
tients with recent ACLR exhibited bio-
mechanical asymmetries and differences 
from symmetric controls. Both symmet-
ric and asymmetric patients offloaded 
the reconstructed knee, reducing knee 
flexion moments and energy absorption. 
Symmetric patients appeared to offload 
the knee to the hip, while asymmetric 
patients offloaded the knee to the ankle. 
Only minor differences were observed in 
the frontal or transverse plane. Moreover, 
a high percentage of controls were also 
asymmetric in hop distance, suggesting 
that asymmetry is not solely indicative of 
injury and healing but may also reflect 
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FIGURE 2. Sagittal plane hip, knee, and ankle angles, moments, and powers during landing from initial contact to peak knee flexion.
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suboptimal biomechanics in many unin-
jured adolescent athletes.

Asymmetric patients, by definition, 
hopped a shorter distance on the opera-
tive side, with LSIs ranging from 53% to 
89%. However, symmetric patients tend-
ed to hop a shorter distance than controls 
on both sides, suggesting that symmetry 
may be achieved, at least in part, by de-
creasing task achievement on the nonop-
erative side. This is consistent with other 
recent reports of decreased contralateral-
limb performance in ACLR patients who 
meet limb symmetry criteria7,24 and may 
be due to deconditioning, fear, or lack 
of motivation. In a recent study, Well-
sandt et al24 found that 8 of 11 patients 
who went on to a second ACL injury had 
passed 90% LSI criteria for strength and 
4 different hop tests, but 6 of the 8 would 

not have passed if the reconstructed limb 
had been compared against contralater-
al-limb function prior to surgery. They 
therefore recommended that the bench-
mark for operative-limb function should 
be based on the performance of the con-
tralateral limb before, rather than after, 
surgery, due to decreased performance 
of the contralateral limb after surgery. 
It is unclear whether and to what extent 
the smaller differences observed in the 
current study’s symmetric patient group 
were due to shorter hop distance on the 
nonoperative side.

With regard to movement quality, all 
operative limbs, regardless of symmetry, 
displayed altered movement strategies re-
sulting in decreased loading of the surgi-
cal knee. Asymmetric patients exhibited 
a stiffer landing pattern, with decreased 

hip flexion and increased ankle plantar 
flexion. Symmetric patients shifted load-
ing to the hip, increasing hip flexion an-
gles, moments, and energy absorption. 
These patterns are consistent with previ-
ous studies in adults following ACLR.18,20 
Oberländer et al18 observed offloading of 
the reconstructed knee to adjacent joints 
in adult ACLR patients 6 to 12 months 
after surgery. Orishimo et al20 showed de-
creased knee range of motion and power 
absorption during single-leg hop takeoff 
and landing in adults 4 to 12 months post 
ACLR despite 85% hop distance symme-
try, with increased moments and power 
at the hip during takeoff and increased 
moments and/or power at the ankle 
during both takeoff and landing. The 
authors of the current study observed 
reduced ankle range of motion during 

0

2

4

6

8

10

–20

–15

–10

–5

0

5

10

–5

0

5

10

0.00

0.01

0.02

An
gl

e,
 d

eg

M
om

en
t, 

no
nd

im
en

si
on

al

10 20 30 40 50 60 70 80 90 100

Movement Cycle, %

0

10 20 30 40 50 60 70 80 90 100

Movement Cycle, %

0

10 20 30 40 50 60 70 80 90 100

Movement Cycle, %

0

10 20 30 40 50 60 70 80 90 100

Movement Cycle, %

0

Hip Adduction Knee Adduction

Hip Rotation Knee Adduction

–0.01

An
gl

e,
 d

eg

An
gl

e,
 d

eg

Asymmetric operative Asymmetric nonoperative Symmetric operative Symmetric nonoperative Controls

FIGURE 3. Frontal and transverse plane variables during landing from initial contact to peak knee flexion.

 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 o

n 
O

ct
ob

er
 2

3,
 2

02
4.

 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.



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

[ research report ]

operative-limb takeoff, regardless of hop 
distance symmetry. The alternative land-
ing strategies that offload the operative 
knee in both asymmetric and symmetric 
patients may reflect an avoidance strat-
egy, but paradoxically may also increase 
their long-term risk for osteoarthritis in 
the operative knee by curbing stimula-
tion of normal cartilage production.3,6,19 
Inadequate shock absorption at the knee 
has been shown to be one risk factor as-
sociated with ACL injury during landing 
tasks.13 When determining return-to-
sport readiness using the single-leg hop 
for distance test, it appears necessary 
also to evaluate knee motion in addition 
to distance symmetry to obtain a more 
comprehensive and informative measure.

Limitations of the present study in-
clude the retrospective sample of patients 
receiving postsurgical evaluation. These 
patients were between 5 and 12 months 
post surgery and were not yet cleared for 
return to sport, which may limit general-
izability to other populations. Due to the 
relatively small sample size, male and 
female participants were not analyzed 
separately, despite there being some evi-
dence for biomechanical variations be-
tween sexes.8 As this study’s focus was on 
“ideal” biomechanics, the primary analy-

sis involved comparison to symmetric 
controls and excluded asymmetric con-
trols, who were considered to have less 
than ideal biomechanics. Takeoff data 
were not available for all participants, 
and kinetics were not measured during 
takeoff. Finally, the Vicon plug-in gait 
model has been shown to have high in-
tersubject variance of frontal plane vari-
ables compared to cluster-based models, 
which may have contributed to the lack 
of differences in frontal plane variables.5

CONCLUSION

A
dolescent patients following 
ACLR surgery landed with de-
creased loading of the reconstruct-

ed knee, regardless of whether their hop 
distance was symmetric. In fact, patients 
achieved symmetry, in part, by jumping 
a shorter distance on the contralateral 
limb. Therefore, symmetry of hop dis-
tance alone appears to be an inadequate 
benchmark for single-limb function and 
return-to-sport readiness; quality of mo-
tion during the single-leg hop should 
be considered in conjunction with hop 
distance symmetry. Because premature 
return to sport may predispose athletes 
to future injury,15 further research is nec-

essary to establish more comprehensive, 
objective return-to-sport criteria for ado-
lescents post ACLR that can sufficiently 
reveal biomechanical deficits. t

KEY POINTS
FINDINGS: Regardless of hop distance sym-
metry, patients offload the reconstructed 
knee 5 to 12 months after surgery.
IMPLICATIONS: During return-to-sport 
assessment, movement biomechanics 
should be considered in addition to hop 
distance symmetry.
CAUTION: This study did not assess 
strength or motivation, which also 
should be considered during functional 
return-to-sport testing.

ACKNOWLEDGMENTS: The authors would like 
to thank the sports team in the Motion and 
Sports Analysis Laboratory: Bitte Healy, 
Kyle Chadwick, and Henry Lopez.

	

TABLE 3
Comparison of Kinematic and Kinetic Variables Between Symmetric and  

Asymmetric Patients and Symmetric Controls During Single-Leg Hop Takeoff*

*Values are mean ± SD unless otherwise indicated.
†P<.05 versus asymmetric nonoperative.
‡P<.05 versus control.

Both Sides  
(n = 38 sides)

Nonoperative  
(n = 25)

Operative  
(n = 25)

Nonoperative  
(n = 15)

Operative  
(n = 15) Group Limb

Group 
by Limb

Takeoff, deg

Maximum hip flexion 53.9 ± 11.4 58.9 ± 14.6 59.9 ± 11.3 63.0 ± 10.2 55.4 ± 15.8 .23 .04 .007

Maximum knee flexion 56.2 ± 9.8 56.9 ± 7.5 55.7 ± 7.6 61.2 ± 9.2 51.5 ± 10.7† .67 <.001 .002

Maximum ankle dorsiflexion 36.0 ± 28.8 28.5 ± 6.1 29.4 ± 6.0 30.8 ± 6.0 26.1 ± 5.0 .27 .61 .47

Minimum hip flexion –2.8 ± 10.7 8.6 ± 10.3‡ 9.7 ± 9.9‡ 2.8 ± 9.8 9.0 ± 10.2†‡ .01 .006 .049

Minimum knee flexion 8.3 ± 7.8 8.6 ± 12.1 10.6 ± 7.6 11.2 ± 8.5 10.4 ± 9.9 .72 .79 .50

Minimum ankle dorsiflexion –20.8 ± 26.1 –20.8 ± 10.2 –18.3 ± 12.2 –22.6 ± 7.0 –21.3 ± 8.1 .78 .67 .89

Hip flexion range 56.6 ± 15.1 50.2 ± 13.3 50.2 ± 13.4 60.2 ± 11.3 46.4 ± 12.0† .61 <.001 <.001

Knee flexion range 47.9 ± 11.5 48.3 ± 14.0 45.1 ± 10.5 50.0 ± 8.1 41.1 ± 13.5 .85 .03 .30

Ankle dorsiflexion range 56.8 ± 11.8 49.3 ± 10.0 47.7 ± 11.7‡ 53.3 ± 7.6 47.4 ± 10.1‡ .13 .02 .18

Controls Symmetric Patients Asymmetric Patients P Values
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