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Abstract 

Background: Non-battle related musculoskeletal injuries (MSKI) are one of the primary medical issues diminishing 
Service member medical readiness. The MSKI problem is challenging because it is difficult to assess all of the factors 
that increase MSKI risk and influence post-MSKI outcomes. Currently, there are no high-throughput, clinically-feasible, 
and comprehensive assessments to generate patient-centric data for informing pre- and post-MSKI risk assessment 
and mitigation strategies. The objective of the “Pre-neuromusculoskeletal injury Risk factor Evaluation and Post-neuro-
musculoskeletal injury Assessment for Return-to-duty/activity Enhancement (PREPARE)” study is to develop a compre-
hensive suite of clinical assessments to identify the patient-specific factors contributing to MSKI risks and undesired 
post-MSKI outcomes.

Methods: This is a phased approach, multi-center prospective, observational study (ClinicalTrials.gov number: 
NCT05111925) to identify physical and psychosocial factors contributing to greater MSKI risk and undesired post-MSKI 
outcomes, and to identify and validate a minimal set of assessments to personalize risk mitigation and rehabilitation 
strategies. In Phase I, one cohort (n = 560) will identify the physical and psychosocial factors contributing to greater 
MSKI risks (single assessment), while a second cohort (n = 780) will identify the post-MSKI physical and psychosocial 
factors contributing to undesired post-MSKI outcomes (serial assessments at enrollment, 4 weeks post-enrollment, 
12 weeks post-enrollment). All participants will complete comprehensive movement assessments captured via a 
semi-automated markerless motion capture system and instrumented walkway, joint range of motion assessments, 
psychosocial measures, and self-reported physical fitness performance and MSKI history. We will follow participants 
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for 6 months. We will identify the minimum set of clinical assessments that provide requisite data to personalize MSKI 
risk mitigation and rehabilitation strategies, and in Phase II validate our optimized assessments in new cohorts.

Discussion: The results of this investigation will provide clinically relevant data to efficiently inform MSKI risk mitiga-
tion and rehabilitation programs, thereby helping to advance medical care and retain Service members on active duty 
status.

Trial Registration: PREPARE was prospectively registered on ClinicalTrials.gov (NCT05111925) on 5 NOV 2021, prior to 
study commencement.

Keywords: Musculoskeletal injury, Neuromuscular, Military, Service member, Tactical athlete, Risk assessment, Risk 
mitigation

Background
Musculoskeletal injuries (MSKI) are endemic among 
military Service members and are the leading cause of 
limited/lost duty time [1, 2]. It is critical we identify the 
factors contributing to non-battle related MSKI risks and 
post-MSKI outcomes such that targeted MSKI risk miti-
gation and rehabilitation programs may be developed. 
A comprehensive biopsychosocial model is required to 
identify the pre- and post-MSKI physical and psychoso-
cial factors that contribute to future MSKI risks and post-
MSKI outcomes [3].

Service member specific MSKI risk factors and predic-
tors of post-MSKI outcomes are multifaceted and inter-
related. The primary predictor of future MSKI is previous 
MSKI [4, 5]. Additionally, aberrant movement patterns 
identify MSKI risks and may contribute to the develop-
ment and/or recurrence of musculoskeletal conditions, 
such as low back pain [3, 6, 7]. Pre- and post-MSKI aber-
rant movement patterns may be exacerbated by low 
physical fitness [7], which in itself is an MSKI risk factor 
[4, 5, 7, 8]. Furthermore, sub-optimal joint mobility (e.g., 
restricted range of motion, capsular tightness) can con-
tribute to aberrant movement patterns [9, 10] and poten-
tially increase MSKI risks [11–13]. A number of potential 
post-MSKI physical [14–17] as well as deleterious psy-
chosocial factors (e.g., fear of movement) may negatively 
impact sensorimotor function and movement quality, 
thereby increasing MSKI risks [18, 19] and exacerbat-
ing musculoskeletal conditions [3]. While the aforemen-
tioned factors are potential risk factors for subsequent 
MSKI, it is also possible the risk factors preceding the 
initial MSKI may not have been addressed or resolved 
with rehabilitation and therefore may still pose a risk for 
future MSKI.

Field-expedient movement assessments can efficiently 
identify individuals at greater MSKI risk within clinical 
settings [4–6, 20–22]. However, clinicians must utilize 
field-expedient functional assessments of varying dif-
ficulty and intensity to comprehensively identify move-
ment related MSKI risks [23]. Common lower extremity 
movement assessments include the double and single 

leg squat [9, 10], jump-landings [20], and the triple hop 
for distance [24]. These assessments collectively evalu-
ate lower extremity strength and neuromuscular control, 
and can identify inter-limb asymmetries; a key MSKI risk 
factor and predictor of post-MSKI outcomes [24]. Addi-
tionally, multivariate spatiotemporal gait assessments 
can quantify functional capabilities in physically active 
individuals, which is particularly relevant to Service 
members who often perform long distance ruck marches 
[16]. Common upper extremity movement assessments 
include the Closed Kinetic Chain Upper Extremity Sta-
bility Test [21, 22] and the Functional Movement Screen 
(FMS) Shoulder Clearing Test [4, 5]. Of note, individual 
FMS items are better MSKI risk predictors than cumula-
tive FMS scores [4, 5, 23]. Similar to extremity MSKI risk 
factor evaluations, field-expedient assessments includ-
ing the prone plank and the Active Hip Abduction [25] 
assessments are recommended for clinical use to evaluate 
low back pain risk [26].

Biopsychosocial approaches are required to compre-
hensively identify all of the factors that affect MSKI 
risks and outcomes [3]. The National Institutes of Health 
(NIH) Patient Reported Outcomes Measurement Infor-
mation System (PROMIS) measures common domains 
(e.g., depression, physical function) associated with 
MSKI risk across populations [27]. Previous work [16], 
demonstrates PROMIS measures can detect changes 
in self-reported physical function following MSKI [27]. 
Furthermore, pain-related fear of movement (i.e., kine-
siophobia) [28] is associated with limb asymmetries 
and stiffer movement patterns during activities, which 
may increase MSKI risks [19], and it is a determinant 
of whether individuals will successfully return-to-duty/
activity (RTD/A) after MSKI [18, 19, 29].

The greatest limitations to previously proposed com-
prehensive MSKI assessments are clinical skills/expertise 
and time. Semi-automated motion capture systems can 
reduce the technical expertise required to successfully 
complete movement assessments and to help expedite 
the assessment process. Semi-automated motion capture 
systems have rigid objectivity that reduces inter-rater 
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subjectivity [30] and improves the clinical utility of field-
expedient functional assessments [23]. The semi-auto-
mated nature of these systems provides objective data 
and removes the significant time barriers (training and 
scoring) required for many field-expedient assessments 
when they are completed en masse (e.g., a company or 
battalion) [30]. Similarly, instrumented walkways effi-
ciently provide valid measures of common gait variables 
[31] and can quantify triple hop distances [24]. Addition-
ally, PROMIS computer adaptive testing (CAT) formats 
reduce question burden while increasing precision [27]. 
All of these systems require less than 15  min to train 
individuals how to operate and require no more time for 
data analyses than it takes for the individual to complete 
the assessments, making them ideal for clinical settings 
and novice raters.

The primary objective of the “Pre-neuromusculoskel-
etal injury Risk factor Evaluation and Post-neuromuscu-
loskeletal injury Assessment for Return-to-duty/activity 
Enhancement (PREPARE)” study is to develop a high-
throughput comprehensive suite of clinical assessments 
that collectively identify the Service member-specific 
factors that contribute to MSKI risks and undesired post-
MSKI outcomes. Furthermore, we aim to develop and 
validate optimized versions of our pre- and post-MSKI 
assessments that efficiently identify the physical and psy-
chosocial factors that inform MSKI risk mitigation and 
rehabilitation strategies. We hypothesize a set of field-
expedient assessments can efficiently identify Service 
member-specific MSKI risk factors, post-MSKI deficits, 
and provide data to guide future patient-specific risk mit-
igation and rehabilitation programs.

Methods/design
Study design
This is a multi-center, prospective, observational study 
to create a suite of clinical assessments that collectively 
identify the patient-specific factors contributing to MSKI 
risks and undesired post-MSKI outcomes. We will utilize 
a phased approach to complete our objectives: Phase I 
will evaluate the physical and psychosocial factors con-
tributing to greater MSKI risks and undesired post-MSKI 
outcomes, and identify the minimum set of assessments 
that provide the data needed to personalize MSKI risk 
mitigation and rehabilitation strategies; Phase II will vali-
date these optimized MSKI clinical assessments in newly 
enrolled cohorts. Figure 1 provides the study flow of our 
investigation. This study design will allow us to answer 
our specific aims:

Specific Aim #1: Determine the physical and psycho-
social factors that differentiate between Service mem-
bers who do vs. do not sustain a MSKI within 6 months 
of study enrollment. Hypothesis: Semi-automated 

field-expedient assessments can identify the factors that 
differ between Service members who do vs. do not sustain 
a MSKI.

Specific Aim #2: Determine the post-MSKI physical and 
psychosocial factors that differentiate between Service 
members with conservatively managed MSKIs who do 
vs. do not develop undesired outcomes within 6 months 
of study enrollment. Hypothesis: Semi-automated field-
expedient assessments can identify the factors that differ 
between Service members who do vs. do not develop unde-
sired post-MSKI outcomes.

Specific Aim #3: Develop optimized versions of both 
pre- and post-MSKI assessments that efficiently identify 
the physical and psychosocial factors that inform MSKI 
risk mitigation and rehabilitation strategies. Hypothesis: 
A common set of semi-automated field-expedient assess-
ments can inform clinical decision-making regarding 
which Service members are at the highest risk of sustain-
ing MSKIs and undesired post-MSKI outcomes.

Specific Aim #4: Validate the optimized versions of both 
pre- and post-MSKI assessments by demonstrating their 
abilities to predict MSKI risks and outcomes in new Ser-
vice member cohorts. Hypothesis: The optimized pre- and 
post-MSKI assessments will be able to accurately identify 
Service members at the highest risk for sustaining MSKIs 
and undesired post-MSKI outcomes across Service mem-
ber populations.

Ethical aspects
This study was approved by the Walter Reed National 
Military Medical Center (WRNMMC) Institutional 
Review Board (protocol WRNMMC-2020-0283) and 
registered with ClinicalTrials.gov (NCT05111925). The 
Fort Bragg performance site relied on the WRNMMC 
Institutional Review Board for study protocol review and 
regulatory oversight. Any changes to the study protocol 
will be requested through the WRNMMC Institutional 
Review Board and reflected on ClinicalTrials.gov.

Study participants will sign a site-specific written 
informed consent form, prior to completing study-
related tasks. Upon enrollment in the study, study par-
ticipants will be randomly assigned a unique participant 
identification number. Participants will only be referred 
to in study documentation by their unique identification 
number and the same number will be used across all data 
collection systems. Coded data will be stored on pass-
word-protected, encrypted networks and access to par-
ticipant data will be limited to the study team and other 
authorized entities.

Study population
A total of 2,680 active duty Service members between 
18 and 44  years of age will be enrolled in this study. In 
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Specific Aim #3: Analyze Phase I data to develop optimized 
(parsimonious) versions of our pre- and post-MSKI assessments.

Phase I

Specific Aim #2
Recruit Service members at WRNMMC 

receiving care for an MSKI.

Informed consent process

Complete routine physical therapy.

Complete PREPARE clinical assessments 
within 3 days of starting physical therapy.

Study team tracks participant outcomes 
(6 months).

Complete PREPARE clinical assessments 
4-weeks post-initial assessment.

Complete PREPARE clinical assessments 
12-weeks post-initial assessment.

Specific Aim #1
Recruit Service members at Fort Bragg in-

processing to a new operational unit.

Informed consent process

Complete routine military training.

Complete PREPARE clinical assessments 
within 3 days of study enrollment.

Study team tracks participant MSKIs 
(6 months).

Development of a high-throughput comprehensive suite of clinical assessments that collectively identify the 
Service member-specific factors that contribute to MSKI risks and undesired post-MSKI outcomes.

Phase II

Specific Aim #4
Recruit Service members at Fort Bragg 

receiving care for an MSKI.

Informed consent process

Complete routine physical therapy.

Complete PREPARE clinical assessments 
within 3 days of starting physical therapy.

Study team tracks participant outcomes 
(6 months).

Complete PREPARE clinical assessments 
4-weeks post-initial assessment.

Complete PREPARE clinical assessments 
12-weeks post-initial assessment.

Specific Aim #4
Recruit Service members at Fort Bragg in-

processing to a new operational unit.

Informed consent process

Complete routine military training.

Complete PREPARE clinical assessments 
within 3 days of study enrollment.

Study team tracks participant MSKIs 
(6 months).

Validation of an optimized high-throughput comprehensive suite of clinical assessments that guides clinical 
practice to mitigate MSKI risk and undesired post-MSKI outcomes.

Fig. 1 Study flow diagram
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Phase I and Phase II we will recruit convenience sam-
ples of active duty Service members in-processing to 
new military units at Fort Bragg, NC. Participants will 
be identified during their in-processing medical screen-
ings. Additionally, in Phase I we will recruit a conveni-
ence sample of active duty Service members receiving 
physical therapy for a MSKI at WRNMMC. In Phase II, 
we will recruit a convenience sample of active duty Ser-
vice members receiving physical therapy for a MSKI at 
Fort Bragg, NC. In both Phase I and Phase II, participants 
with a MSKI will be identified by their physical therapists 
during their initial encounters.

Inclusion and exclusion criteria
The study inclusion and exclusion criteria will determine 
if potential study participants are eligible to participate in 
the study (Table 1). Inclusion and exclusion criteria will 
be self-reported by the potential participants, and study 
team members will not access the participant’s medi-
cal record or incorporate pregnancy testing to confirm 
inclusion/exclusion criteria.

Data collection
Given the goal of this study to develop field-expedient 
and clinic-friendly solutions to quantify metrics from 
functional assessments, we will use a semi-automated 
commercially available markerless motion capture sys-
tem and instrumented walkway. The HumanTrak (VALD 
Health, Charlotte, NC) markerless motion capture sys-
tem will quantify/estimate joint kinematics during func-
tional assessments (i.e., double leg squats, single-leg 
squats, jump-landings) [32]. The Zeno Walkway (Pro-
toKinetics LLS.; Havertown, PA) will efficiently provide 
valid measures of common gait variables [31] and quan-
tify triple hop distances [24]. Range of motion data will 
be measured with standard clinical goniometers and 

digital inclinometers. Participant reported data will be 
collected electronically via a standardized research data 
collection platform.

Phase I approach
We will concurrently enroll cohorts for two separate 
observational studies: one at Fort Bragg, NC (n = 560) 
and one at WRNMMC (n = 780). The Fort Bragg cohort 
will identify the physical and psychosocial factors that 
contribute to greater MSKI risks (Specific Aim #1), while 
the WRNMMC cohort will identify the post-MSKI phys-
ical and psychosocial factors that contribute to undesired 
participant outcomes (Table 4, Specific Aim #2). Partici-
pants enrolled in Specific Aim #1 who go on to sustain an 
MSKI during the study follow-up period will be invited 
to participate into Specific Aim #2, and thus undergo 
post-MSKI tracking/assessments. Both cohorts will com-
plete identical testing procedures. The study team will 
track study-related outcomes and pull relevant health 
related information through the Military Health System 
Data Repository (MDR) and participant self-report data. 
The MDR contains records on all healthcare events paid 
for by the Military Health System and is the best source 
of Military Health System data available for researchers.

Clinical assessments
For Specific Aim #1, all clinical assessments will be col-
lected during a single testing session at the time of 
study enrollment. For Specific Aim #2, participants 
will undergo repeat (≤ 3  days of starting physical ther-
apy [“initial”]; 4  weeks post-initial assessment, or at 
RTD/A clearance [i.e., cleared from physical therapy], if 
prior to 4  weeks; and 12  weeks post-initial assessment, 
or at RTD/A clearance, if prior to 12  weeks) clinical 
assessments.

Table 1 Participant inclusion and exclusion criteria

a 18–44 years old accounts for 86% of deployed individuals[42]
b pregnant females will be eligible for participation after the pregnancy and medical clearance by a healthcare provider
c TBI (traumatic brain injury) is a recognized MSKI risk factor[43]

Cohort Inclusion criteria Exclusion criteria

Fort Bragg—In-processing
(Specific Aim #1; Specific Aim #4)

• Active duty service members in-processing to a unit at 
Fort Bragg, NC
• Recruited  ≤ 14 days following in-processing medical 
screening
• 18–44 years of  agea

• On limited duty status for any reason
• Scheduled for a deployment or separation within 
12 months
•  Pregnantb

WRNMMC—Injured (Specific Aim #2) • Active duty service member receiving conservative 
care for a lower extremity or low back MSKI
• Recruited  ≤ 3 days following presentation to the 
physical therapy clinic for care of the index MSKI
• 18–44 years of  agea

• Musculoskeletal related surgery
• MSKI within the previous 6 months that resulted in 
altered/missed physical activity for  ≥ 3 consecutive 
days
• Ongoing TBI related  issuesc

•  Pregnantb

Fort Bragg—Injured (Specific Aim #4)
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Functional assessments
Lower extremity movement assessments will be 
recorded and automatically quantified using the mark-
erless motion capture system or instrumented walk-
way. All participants will complete the assessments in 
the same order, progressing from less to more intense 
assessments. Upper extremity assessments will follow 
lower extremity assessments. Testing order will follow 
the order described in Table 2.

Range of motion assessments
The joint will be moved through its range of motion 
(Table  3) to the point of first resistance or until the 
participant indicates discomfort. Three trials of each 
assessment will be recorded bilaterally, alternating 
limbs between measurements. To optimize efficiency, 
all participants will complete the range of motion 
assessments in the same order. Measurements will be 
averaged across trials for each limb and limb symme-
try indices will be calculated [33]. We will establish 
our team’s reliability for all measures, prior to study 
commencement.

Participant reported outcomes
Participants will complete initial and follow-up (monthly) 
questionnaires. All questionnaires will be administered 
electronically, such that participants will be able to com-
plete them from any location with internet access.

NIH PROMIS—we will utilize NIH PROMIS CAT 
measures for Physical Function, Pain Interference, 
Depression, and Anxiety. PROMIS measures will be con-
verted to t-scores and scores that reach a floor or ceiling 
threshold (“outliers”) will be excluded from analyses.

Tampa Scale of Kinesiophobia [28]—we will utilize the 
abbreviated 11 question TSK-11. The total score will be 
calculated (summed) [28].

Musculoskeletal Injuries—participants will report 
previous MSKIs sustained within 1  year prior to study 
enrollment, any “severe” MSKIs they sustained that 
resulted in three or more consecutive weeks of missed 
activity, and any musculoskeletal surgeries. Participants 
will also report any new MSKIs they sustain through-
out the study follow-up period. The questionnaire con-
tains details regarding activity at the time of MSKI, the 
mechanism of injury, date of MSKI, and the geographic 
location.

Physical Fitness Test Performance—participants will 
report the scores from their most recent standard mili-
tary physical fitness assessment. Raw scores will be con-
verted to the standardized point system, based on Service 
specific requirements.

Outcome measures
All study outcomes will be tracked for up to 6  months. 
The primary outcomes are if a Service member sustains a 
MSKI or experiences an undesired post-MSKI outcome. 
A MSKI will be defined as a medical encounter that is 
associated with a relevant International Classification of 
Diseases (ICD)-10 code [34, 35]. We will abstract the fol-
lowing data for each MSKI: (1) body part; (2) activity at 
the time of MSKI; (3) mechanism of injury; (4) date; and 
(5) geographic location. MSKIs that result from a contact 
mechanism or enemy combatants will be excluded from 
analyses. Post-MSKI outcomes will be dichotomized as 
either “desired” or “undesired” as described in Table  4. 
Participants with any “undesired” outcome will be con-
sidered to have an overall undesired outcome. The sec-
ondary outcomes include: (1) time until the index MSKI 
relative to study enrollment; (2) time to RTD/A follow-
ing the index MSKI; and (3) healthcare utilization (e.g., 
physical therapy encounters).

Phase I statistical and data analysis plan
Phase I analyses will extend a statistical approach previ-
ously shown to (1) identify distinct clusters of physical 
assessments representing meaningful domains of knee 
function, and (2) select optimal test batteries found to 
discriminate injured individuals versus healthy controls 
[36]. We will use a similar empirical strategy to reduce 
redundancy among our comprehensive assessments for 
MSKI-related risk. Descriptive analyses with traditional 
bivariate tests will evaluate score distributions overall 
and by incident MSKI and undesired outcomes. We will 
use hierarchical cluster analysis, a machine learning algo-
rithm useful for representing natural groupings among 
observations, to next identify clusters of related continu-
ous variables in the Phase I dataset. Distances between 
pairs of variables will be defined based on their correla-
tions. Tree diagrams obtained from cluster analysis of the 
distance matrix will be used to identify variable clusters 
that will be interpreted based on current knowledge of 
underlying functional domains. Sensitivity analyses will 
assess the robustness of groupings to the choice of link-
age method. Stratified analyses among the injured cohort 
will describe cluster reliability among subgroups defined 
by MSKI type (back pain vs extremity) at enrollment.

We will next define reduced, candidate test batteries as 
combinations of individual variables found to character-
ize distinct clusters representing meaningful functional 
domains [36]. Cluster representatives will be defined to 
maximize the clinical feasibility of the potential test bat-
tery, e.g., by minimizing estimated completion times. 
Candidate test batteries will be evaluated for each cohort 
in separate logistic regression models with component 



Page 7 of 12Butowicz et al. Journal of Translational Medicine          (2022) 20:619  

Ta
bl

e 
2 

Fu
nc

tio
na

l m
ov

em
en

t a
ss

es
sm

en
ts

 a
nd

 o
ut

co
m

es

A
ss

es
sm

en
t

Eq
ui

pm
en

t
D

es
cr

ip
tio

n
O

ut
co

m
e 

m
ea

su
re

(s
)

G
ai

t [
16

]
Tr

ia
ls:

 a
ll 

re
co

rd
ed

 d
ur

in
g 

2 
m

in
 w

al
k 

te
st

In
st

ru
m

en
te

d 
w

al
kw

ay
Pa

rt
ic

ip
an

ts
 w

ill
 c

om
pl

et
e 

ov
er

-g
ro

un
d 

ga
it 

tr
ia

ls
 a

t a
 s

el
f-

se
le

ct
ed

 p
ac

e 
du

rin
g 

a 
2 

M
in

 W
al

k 
Te

st
 [4

4]
. P

ar
tic

ip
an

ts
 

w
ill

 b
e 

in
st

ru
ct

ed
 to

 m
in

im
iz

e 
“t

ar
ge

tin
g”

 a
nd

 a
 tr

ia
l w

ill
 

be
 re

co
rd

ed
 e

ac
h 

tim
e 

th
e 

pa
rt

ic
ip

an
t w

al
ks

 a
cr

os
s 

th
e 

w
al

kw
ay

Sp
at

io
te

m
po

ra
l p

ar
am

et
er

s, 
in

cl
ud

in
g:

• G
ai

t v
el

oc
ity

;
• S

in
gl

e 
an

d 
do

ub
le

 li
m

b 
su

pp
or

t t
im

e;
• M

ea
su

re
s 

of
 v

ar
ia

bi
lit

y 
fo

r s
tr

id
e 

tim
e 

an
d 

le
ng

th
, a

nd
 

st
ep

 le
ng

th
, t

im
e,

 a
nd

 w
id

th

D
ou

bl
e-

le
g 

sq
ua

t [
10

]
Tr

ia
ls:

 3
 se

ts
 o

f 3
(9

 to
ta

l)

M
ar

ke
rle

ss
 m

ot
io

n 
ca

pt
ur

e
Pa

rt
ic

ip
an

ts
 w

ill
 s

ta
nd

 w
ith

 th
ei

r f
ee

t s
ho

ul
de

r-
w

id
th

 
ap

ar
t, 

fe
et

 p
oi

nt
ed

 a
nt

er
io

rly
, h

ee
ls

 o
n 

th
e 

flo
or

, a
nd

 a
rm

s 
ex

te
nd

ed
 o

ve
rh

ea
d.

 P
ar

tic
ip

an
ts

 w
ill

 s
qu

at
 in

 a
 c

on
tr

ol
le

d 
m

an
ne

r, 
to

 a
 c

om
fo

rt
ab

le
 d

ep
th

Tr
un

k 
an

d 
lo

w
er

 e
xt

re
m

ity
 k

in
em

at
ic

s

Si
ng

le
-le

g 
sq

ua
t [

9]
Tr

ia
ls:

 3
 se

ts
 o

f 3
 p

er
 li

m
b

(1
8 

to
ta

l)

M
ar

ke
rle

ss
 m

ot
io

n 
ca

pt
ur

e
Pa

rt
ic

ip
an

ts
 w

ill
 s

ta
nd

 o
n 

th
e 

te
st

 li
m

b,
 w

ith
 th

e 
fo

ot
 

po
in

te
d 

an
te

rio
rly

, h
ee

l o
n 

th
e 

flo
or

, h
an

ds
 o

n 
th

ei
r h

ip
s, 

an
d 

he
ad

 fa
ci

ng
 a

nt
er

io
rly

. T
he

 n
on

-w
ei

gh
t b

ea
rin

g 
lim

b 
w

ill
 b

e 
fle

xe
d 

to
 9

0˚
 o

f h
ip

 a
nd

 k
ne

e 
fle

xi
on

. P
ar

tic
ip

an
ts

 
w

ill
 s

qu
at

 in
 a

 c
on

tr
ol

le
d 

m
an

ne
r, 

to
 a

 c
om

fo
rt

ab
le

 
de

pt
h,

 a
nd

 s
o 

th
ey

 c
an

 m
ai

nt
ai

n 
th

ei
r b

al
an

ce

Tr
un

k 
an

d 
lo

w
er

 e
xt

re
m

ity
 k

in
em

at
ic

s

Ju
m

p-
la

nd
in

g 
[2

0]
Tr

ia
ls:

 3
M

ar
ke

rle
ss

 m
ot

io
n 

ca
pt

ur
e

Th
e 

pa
rt

ic
ip

an
t w

ill
 s

ta
nd

 o
n 

a 
30

 c
m

 ta
ll 

bo
x,

 s
et

 3
 fe

et
 

be
hi

nd
 a

 ta
rg

et
 a

re
a.

 P
ar

tic
ip

an
ts

 w
ill

 ju
m

p 
ou

t, 
no

t v
er

ti-
ca

lly
, t

o 
re

ac
h 

th
e 

ta
rg

et
 a

re
a 

w
ith

 b
ot

h 
fe

et
 le

av
in

g 
th

e 
bo

x 
at

 th
e 

sa
m

e 
tim

e;
 u

po
n 

la
nd

in
g 

th
e 

pa
rt

ic
ip

an
t w

ill
 

im
m

ed
ia

te
ly

 ju
m

p 
ve

rt
ic

al
ly

 fo
r m

ax
im

al
 h

ei
gh

t

Tr
un

k 
an

d 
lo

w
er

 e
xt

re
m

ity
 k

in
em

at
ic

s

Tr
ip

le
 h

op
 [2

4]
Tr

ia
ls:

 3
 p

er
 li

m
b

(6
 to

ta
l)

In
st

ru
m

en
te

d 
w

al
kw

ay
Pa

rt
ic

ip
an

ts
 w

ill
 s

ta
nd

 w
ith

 th
ei

r h
ee

l o
n 

th
e 

ed
ge

 o
f t

he
 

in
st

ru
m

en
te

d 
w

al
kw

ay
. P

ar
tic

ip
an

ts
 w

ill
 p

er
fo

rm
 th

re
e 

co
ns

ec
ut

iv
e 

m
ax

im
al

 fo
rw

ar
d 

ho
ps

 o
n 

th
e 

sa
m

e 
lim

b,
 

“s
tic

ki
ng

 th
e 

la
nd

in
g”

 o
n 

th
e 

la
st

 h
op

A
ve

ra
ge

 d
is

ta
nc

e 
co

ve
re

d 
ac

ro
ss

 tr
ia

ls
 fo

r e
ac

h 
lim

b 
an

d 
lim

b 
sy

m
m

et
ry

 in
de

x 
[3

3]

C
lo

se
d 

ki
ne

tic
 c

ha
in

 u
pp

er
 e

xt
re

m
ity

 
st

ab
ili

ty
 te

st
 [2

1]
Tr

ia
ls:

 3

St
op

w
at

ch
, a

th
le

tic
 ta

pe
, t

ap
e 

m
ea

su
re

Pa
rt

ic
ip

an
ts

 w
ill

 a
ss

um
e 

a 
pu

sh
-u

p 
po

si
tio

n 
w

ith
 e

ac
h 

ha
nd

 p
la

ce
d 

on
 a

 m
ar

k 
sp

ac
ed

 3
6 

in
ch

es
 a

pa
rt

 w
ith

 th
e 

sh
ou

ld
er

s 
al

ig
ne

d 
ov

er
 th

e 
ha

nd
s. 

A
s 

qu
ic

kl
y 

as
 p

os
si

bl
e,

 
pa

rt
ic

ip
an

ts
 w

ill
: (

1)
 li

ft
 o

ne
 h

an
d 

an
d 

to
uc

h 
th

e 
op

po
si

te
 

m
ar

k,
 (2

) r
ep

la
ce

 th
e 

or
ig

in
al

 h
an

d 
on

 th
e 

or
ig

in
al

 m
ar

k,
 

(3
) r

ep
ea

t t
hi

s 
pr

oc
es

s 
on

 th
e 

op
po

si
te

 h
an

d,
 a

nd
 th

en
 (4

) 
co

nt
in

ue
 fo

r 1
5 

s

Ea
ch

 tr
ia

l w
ill

 b
e 

ex
am

in
ed

 3
 w

ay
s 

an
d 

av
er

ag
ed

 a
cr

os
s 

tr
ia

ls
:

• N
um

be
r o

f t
ou

ch
es

;
• N

um
be

r o
f t

ou
ch

es
 n

or
m

al
iz

ed
 to

 p
ar

tic
ip

an
t h

ei
gh

t;
• “

Po
w

er
 s

co
re

”, c
al

cu
la

te
d 

by
 m

ul
tip

ly
in

g 
th

e 
nu

m
be

r o
f 

to
uc

he
s 

by
 6

8%
 o

f t
he

 p
ar

tic
ip

an
t’s

 m
as

s 
th

en
 d

iv
id

in
g 

by
 

15
 s

FM
S 

Sh
ou

ld
er

 c
le

ar
in

g 
te

st
 [4

, 5
]

Tr
ia

ls:
 1

 p
er

 li
m

b
N

on
e

Pa
rt

ic
ip

an
ts

 w
ill

 p
la

ce
 th

ei
r h

an
d 

on
 th

e 
op

po
si

te
 s

ho
ul

-
de

r a
nd

 p
oi

nt
 th

e 
el

bo
w

 u
pw

ar
d

Pa
rt

ic
ip

an
ts

 w
ill

 b
e 

di
ch

ot
om

iz
ed

 a
s 

ha
vi

ng
 p

ai
n 

or
 n

ot
; 

re
su

lts
 re

co
rd

ed
 b

ila
te

ra
lly

Pr
on

e 
pl

an
k 

as
se

ss
m

en
t [

45
]

Tr
ia

ls:
 1

St
op

w
at

ch
Pa

rt
ic

ip
an

ts
 w

ill
 li

e 
pr

on
e 

w
ith

 th
e 

el
bo

w
s 

an
d 

ha
nd

s 
pa

r-
al

le
l t

o 
ea

ch
 o

th
er

 a
nd

 in
 c

on
ta

ct
 w

ith
 th

e 
gr

ou
nd

, s
o 

th
e 

hu
m

er
i a

re
 a

lig
ne

d 
be

ne
at

h 
th

e 
sh

ou
ld

er
s. 

Pa
rt

ic
ip

an
ts

 
w

ill
 m

ai
nt

ai
n 

a 
rig

id
 b

od
y 

po
si

tio
n 

as
 lo

ng
 a

s 
po

ss
ib

le
 s

o 
th

at
 th

e 
en

tir
e 

bo
dy

 w
ei

gh
t i

s 
su

pp
or

te
d 

by
 th

e 
el

bo
w

s 
an

d 
to

es
, w

hi
le

 th
e 

an
kl

es
, k

ne
es

, h
ip

s, 
an

d 
sp

in
e 

m
ai

n-
ta

in
 a

 n
eu

tr
al

 a
lig

nm
en

t

To
ta

l t
im

e

A
ct

iv
e 

hi
p 

ab
du

ct
io

n 
[2

5]
Tr

ia
ls:

 1
 p

er
 li

m
b

N
on

e
Pa

rt
ic

ip
an

ts
 w

ill
 li

e 
on

 th
ei

r s
id

es
 w

ith
 th

e 
pe

lv
is

 a
nd

 
lo

w
er

 e
xt

re
m

iti
es

 in
 li

ne
 w

ith
 th

e 
tr

un
k 

an
d 

th
en

 a
bd

uc
t 

th
e 

hi
p,

 a
tt

em
pt

in
g 

to
 k

ee
p 

th
e 

kn
ee

 e
xt

en
de

d 
an

d 
lo

w
er

 li
m

b 
al

ig
ne

d 
w

ith
 th

e 
tr

un
k

Tr
ia

ls
 w

ill
 b

e 
ra

te
d 

on
 a

n 
or

di
na

l s
ca

le
 o

f 0
, 1

, 2
, o

r 3
. T

he
 

lo
w

er
 o

f t
he

 tw
o 

sc
or

es
 w

ill
 b

e 
us

ed
 fo

r t
he

 fi
na

l o
ve

ra
ll 

sc
or

e



Page 8 of 12Butowicz et al. Journal of Translational Medicine          (2022) 20:619 

test scores as predictors and incident MSKI or undesired 
outcome (Table 4) as the dependent variable. Misclassi-
fication rates will be reported as the percent of partici-
pants where the outcome was incorrectly predicted after 
thresholding using clinically relevant sensitivities and 
specificities, with cross-validation to minimize bias in 
estimated probabilities. Models with the lowest model-
based misclassification rates will be selected as optimal 
pre- and post-MSKI assessments and further evaluated 
in logistic regression models adjusted for age, sex, body 
mass index, physical fitness, history and duration of 
previous MSKI, and self-report of pain. Regression esti-
mates and area under the curve (AUC) will be reported 
for adjusted and unadjusted models to describe predic-
tive values of optimal assessments independent of tradi-
tional risk factors. Additional analyses will repeat final 
models defining MSKI by type (back pain vs extremity) to 
assess for changes in model performance with narrowed 
case definitions. Exploratory analyses will use regres-
sion-based variable selection methods (e.g., LASSO) to 
describe the potential predictive accuracy of available 
assessments while ignoring requirements for test feasibil-
ity or interpretation based on known functional domains.

Missing data
We expect infrequent (< 5%) missing functional measures 
at the baseline assessment based on completion rates in 
our previous work; however, multiple imputation will be 
considered if missingness exceeds 10% [37]. Because out-
comes will be ascertained using the MDR, minimizing 
risk of loss to follow-up, no imputation of missing out-
comes is planned.

Sample size
We assume event rates of 50% for incident MSKI (unin-
jured cohorts) [38] and 30% for undesired outcomes 
(injured cohorts) [39, 40], and 10% loss to follow over 
6 months based on reported annual changes in benefi-
ciary status in the MDR. We expect similar frequencies 
of back pain and extremity injuries based on previous 
ICD reporting of these MSKI types at our clinical sites. 
Targeted enrollment will be 560 Service members in 
the uninjured cohort (Specific Aim #1) and 780 Ser-
vice members in the injured cohort (Specific Aim #2) 
to observe  > 100–125 outcomes in each cohort for each 
MSKI type. These expected event counts will yield  > 10 
events per predictor variable in binary classification 
models with 10–12 predictors, allowing analyses to 
evaluate the predictive value of reduced assessments 
independent of traditional risk factors.

Phase II approach
We will enroll active duty Service members who are in-
processing to a new unit at Fort Bragg, NC (n = 560) 
and active duty Service members receiving physical 
therapy for a MSKI within a military physical therapy 
clinic (n = 780) into two new observational cohorts. 
We will validate the abilities of our optimal pre- and 
post-MSKI assessments to correctly identify Service 
members who are at high risk for MSKI or undesired 
post-MSKI outcomes (Specific Aim #4). Identical to 
Phase I, participants who are enrolled into the unin-
jured cohort who go on to sustain a MSKI during the 
study follow-up period will be invited to participate in 
the injured cohort post-MSKI tracking/assessments.

Clinical assessments
We will administer our reduced battery of pre- and post-
MSKI assessments (Specific Aim #3) among the newly 
enrolled validation cohorts. We will use the same data 
collection methods described for Phase I for the relevant 
assessments.

Phase II statistical and data analysis plan
Phase II analyses will evaluate the ability of the reduced 
batteries to correctly predict incident MSKI and unde-
sired outcomes in validation cohorts. Misclassification 
rates for unadjusted and full models will be described 
with the AUC and sensitivities and specificities based 
on relevant thresholds. Calibration will be plotted 
using locally estimated scatterplot smoothing (LOESS) 
smoothing of the predicted versus observed probability 
of the outcome. Analyses will be repeated defining MSKI 
by type (back pain vs extremity) to evaluate predictive 
performance for narrowed case definitions.

Sample size
We will target equally sized cohorts for Phase I and 
Phase II. Sample size estimates for Phase II analyses are 
as described for classification analyses in Phase I cohorts. 
Based on these estimates we expect these validation 
cohort sizes to include  > 100 events with  > 100 non-
events for each MSKI-specific model. These event counts 
have been shown to achieve sufficient power in validation 
studies of logistic regression prediction models [41].

Discussion
Currently, Military Health System healthcare provid-
ers and human performance professionals have limited 
resources to efficiently and comprehensively identify 
the factors that influence MSKI risks and outcomes. 
The PREPARE study will deliver comprehensive clinical 
assessment batteries that efficiently identify the Service 
member specific factors that contribute to MSKI risk and 
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undesired post-MSKI outcomes. In the near-term, this 
will provide contemporary evidenced-based military-
relevant, field-expedient MSKI screening and prediction 
tools to inform Service members’ MSKI susceptibilities 
and ability to RTD/A following MSKI. In the long-term, 
this will result in personalized pre- and post-MSKI care, 
culminating in reduced rehabilitation time and costs and 
fewer days on limited duty status. Furthermore, the use of 
semi-automated field-expedient technologies will allow 
assessments to be immediately translated into practice. 
PREPARE will provide healthcare providers objective 
data across the spectrum of MSKI management (preven-
tion to RTD/A) to guide MSKI risk mitigation strategies 
and make better informed RTD/A decisions; thereby, 
improving Service member health, medical readiness, 
and retention within the DoD.

The biggest challenge for completing the proposed 
work is enrolling a sufficient number of participants to 
power our analyses. This risk is minimal, as our poten-
tial participant population of in-processing active duty 
Service member at Fort Bragg, NC is 464% larger than 
is required to power our study. Furthermore, there is the 
risk that a sufficient number of participants will not sus-
tain a MSKI during our follow-up period; this is unlikely, 
as MSKIs affect 54–58% of operational Service members 
[4, 38]. Similarly, we may not enroll a sufficient number 
of Service members with a MSKI of interest. This risk 
is also minimal, as our potential patient populations are 
276% larger at WRNMMC and 657% larger at Fort Bragg, 
NC than is required to power our study. Participant attri-
tion and loss to follow-up is mitigated, given our follow-
up time points align with routine clinical encounters and 
outcomes will be collected through the MDR.

In the event the data in the automated reports of the 
field-expedient assessments provided by the markerless 
motion capture system and instrumented walkway can-
not identify the factors affecting MSKI risks (Specific 
Aim #1) and post-MSKI outcomes (Specific Aim #2) we 
can export the raw kinematic and kinetic data. These data 
may identify minute neuromuscular control deficien-
cies that are unable to be detected by standard clinical 
assessments. Additionally, patient-specific demographic 
data (e.g., sex, age, tobacco use) may be used to increase 
the robustness of our models [5, 7, 8]. Finally, an alter-
native analytical approach will establish cut points for 
each assessment that dichotomize participants into a “at 
greater than normal risk” or “not greater than normal 
risk” category [4, 23]. We will then determine if Service 
members are at greater risk for MSKI or an undesired 
post-MSKI outcome based on the number of risk factors 
they possess (i.e., Service members with more risk factors 
are at greater risk for MSKIs and undesired post-MSKI 
outcomes) [4].

This study will deliver efficient, comprehensive clini-
cal decision support aids that better enable clinicians to 
identify Service members at the highest risk of MSKI or 
post-MSKI undesired outcomes and inform risk miti-
gation and rehabilitation strategies. The use of semi-
automated, field-expedient assessments that require 
minimal equipment and space will allow the findings of 
this study to be pushed immediately to clinicians. This 
will positively impact Service members and healthcare 
providers as they will have unprecedented access to 
objective data to guide in-theatre treatment and RTD/A 
decisions. Personalizing post-MSKI rehabilitative care 
and making more informed RTD/A decisions will 
expedite rehabilitation and reintegration and reduce 

Table 3 Range of motion assessments

Measurement Testing procedures

Knee extension [9] Supine with the test limb flexed to 90˚ of hip and knee flex-
ion; the non-test limb extended on the testing table

An inclinometer placed just distal to the test limb tibial 
tuberosity; the angle of the tibia will be measured relative to 
the horizontal

Hip abduction [9] Supine with the test and non-test limbs extended on the 
testing table

The goniometer stationary arm placed across the anterior 
superior iliac spines with the axis over the test limb anterior 
superior iliac spine; the movement arm will vertically bisect 
the participant’s thigh and move with the thigh

Hip internal rotation [9] Prone with the test limb flexed to 90˚ of knee flexion; the 
non-test limb extended on the testing table

An inclinometer placed just proximal to the test limb lateral 
malleolus; the angle of the fibula will be measured relative to 
the vertical

Hip external rotation [9] Prone with the test limb flexed to 90˚ of knee flexion; the 
non-test limb extended on the testing table

An inclinometer placed just proximal to the test limb lateral 
malleolus; the angle of the fibula will be measured relative to 
the vertical

Ankle dorsiflexion [46] Standing with the test foot perpendicular to the wall; the 
non-test foot placed behind the test foot. The participant will 
lunge forward until right before the heel lifts off the floor

An inclinometer placed just distal to the test limb tibial tuber-
osity; the angle of the tibia will be measured relative to vertical



Page 10 of 12Butowicz et al. Journal of Translational Medicine          (2022) 20:619 

Ta
bl

e 
4 

Pa
rt

ic
ip

an
t p

os
t-

m
us

cu
lo

sk
el

et
al

 in
ju

ry
 o

ut
co

m
e 

cl
as

si
fic

at
io

ns

*  In
de

x 
M

SK
I =

 Q
ua

lif
yi

ng
 M

SK
I t

ha
t t

he
 p

ar
tic

ip
an

t e
xp

er
ie

nc
ed

 fo
r e

nr
ol

lm
en

t i
nt

o 
th

e 
st

ud
y

Pa
tie

nt
 o

ut
co

m
e

O
pe

ra
tio

na
l d

efi
ni

tio
n

D
es

ire
d 

(“
Po

si
tiv

e”
) o

ut
co

m
e

U
nd

es
ire

d 
(“

Po
or

”)
 o

ut
co

m
e

Re
cu

rr
en

t M
SK

I
N

o 
ne

w
 M

SK
I w

ith
in

 6
 m

on
th

s 
of

 R
TD

/A
 fo

llo
w

in
g 

ce
ss

at
io

n 
of

 tr
ea

tm
en

t f
or

 th
e 

in
de

x 
M

SK
I

Sa
m

e 
M

SK
I a

t t
he

 s
am

e 
lo

ca
tio

n 
as

 th
e 

in
de

x 
M

SK
I w

ith
in

 6
 m

on
th

s 
of

 R
TD

/A
 fo

llo
w

-
in

g 
ce

ss
at

io
n 

of
 tr

ea
tm

en
t f

or
 th

e 
in

de
x 

M
SK

I

Su
bs

eq
ue

nt
 M

SK
I c

on
di

tio
n

N
o 

ne
w

 M
SK

I w
ith

in
 6

 m
on

th
s 

of
 R

TD
/A

 fo
llo

w
in

g 
ce

ss
at

io
n 

of
 tr

ea
tm

en
t f

or
 th

e 
in

de
x 

M
SK

I
A

 n
ew

 M
SK

I a
t a

 d
iff

er
en

t l
oc

at
io

n 
as

 th
e 

in
de

x 
M

SK
I w

ith
in

 6
 m

on
th

s 
of

 R
TD

/A
 fo

l-
lo

w
in

g 
ce

ss
at

io
n 

of
 tr

ea
tm

en
t f

or
 th

e 
in

de
x 

M
SK

I

C
hr

on
ifi

ca
tio

n 
[4

7]
In

de
x 

M
SK

I s
ig

ns
/s

ym
pt

om
s 

re
so

lv
e 

w
ith

in
 1

2 
w

ee
ks

In
de

x 
M

SK
I s

ig
ns

/s
ym

pt
om

s 
do

 n
ot

 re
so

lv
e 

w
ith

in
 1

2 
w

ee
ks

D
el

ay
ed

 R
TD

/A
RT

D
/A

 p
rio

r t
o 

2 
st

an
da

rd
 d

ev
ia

tio
ns

 g
re

at
er

 th
an

 th
e 

m
ea

n 
nu

m
be

r o
f l

im
ite

d 
du

ty
 d

ay
s 

fo
r o

ur
 to

ta
l s

am
pl

e
RT

D
/A

 m
or

e 
th

an
 2

 s
ta

nd
ar

d 
de

vi
at

io
ns

 g
re

at
er

 th
an

 o
r e

qu
al

 to
 th

e 
m

ea
n 

nu
m

be
r 

of
 li

m
ite

d 
du

ty
 d

ay
s 

fo
r o

ur
 to

ta
l s

am
pl

e

PR
O

M
IS

 p
hy

si
ca

l f
un

ct
io

n
Ph

ys
ic

al
 F

un
ct

io
n 

sc
or

e 
is

 g
re

at
er

 th
an

 1
 s

ta
nd

ar
d 

de
vi

at
io

n 
le

ss
 th

an
 th

e 
m

ea
n 

Ph
ys

ic
al

 F
un

ct
io

n 
sc

or
e 

fo
r o

ur
 to

ta
l s

am
pl

e 
at

 th
e 

12
 w

ee
k 

fo
llo

w
-u

p 
fo

r t
he

 in
de

x 
M

SK
I

Ph
ys

ic
al

 F
un

ct
io

n 
sc

or
e 

is
 le

ss
 th

an
 o

r e
qu

al
 to

 1
 s

ta
nd

ar
d 

de
vi

at
io

n 
le

ss
 th

an
 th

e 
m

ea
n 

Ph
ys

ic
al

 F
un

ct
io

n 
sc

or
e 

fo
r o

ur
 to

ta
l s

am
pl

e 
at

 th
e 

12
 w

ee
k 

tim
e 

po
in

t f
or

 th
e 

in
de

x 
M

SK
I

PR
O

M
IS

 p
ai

n 
in

te
rf

er
en

ce
Pa

in
 In

te
rf

er
en

ce
 s

co
re

 is
 le

ss
 th

an
 1

 s
ta

nd
ar

d 
de

vi
at

io
n 

gr
ea

te
r t

ha
n 

th
e 

m
ea

n 
Pa

in
 

In
te

rf
er

en
ce

 s
co

re
 fo

r o
ur

 to
ta

l s
am

pl
e 

at
 th

e 
12

 w
ee

k 
fo

llo
w

-u
p 

fo
r t

he
 in

de
x 

M
SK

I
Pa

in
 In

te
rf

er
en

ce
 s

co
re

 is
 g

re
at

er
 th

an
 o

r e
qu

al
 to

 1
 s

ta
nd

ar
d 

de
vi

at
io

n 
gr

ea
te

r t
ha

n 
th

e 
m

ea
n 

Pa
in

 In
te

rf
er

en
ce

 s
co

re
 fo

r o
ur

 to
ta

l s
am

pl
e 

at
 th

e 
12

 w
ee

k 
fo

llo
w

-u
p 

fo
r 

th
e 

in
de

x 
M

SK
I

TS
K-

11
TS

K-
11

 s
co

re
 is

 le
ss

 th
an

 1
 s

ta
nd

ar
d 

de
vi

at
io

n 
gr

ea
te

r t
ha

n 
th

e 
m

ea
n 

TS
K-

11
 s

co
re

 
fo

r o
ur

 to
ta

l s
am

pl
e 

at
 th

e 
12

 w
ee

k 
fo

llo
w

-u
p 

fo
r t

he
 in

de
x 

M
SK

I
TS

K-
11

 s
co

re
 is

 g
re

at
er

 th
an

 o
r e

qu
al

 to
 1

 s
ta

nd
ar

d 
de

vi
at

io
n 

gr
ea

te
r t

ha
n 

th
e 

m
ea

n 
TS

K-
11

 s
co

re
 fo

r o
ur

 to
ta

l s
am

pl
e 

at
 th

e 
12

 w
ee

k 
fo

llo
w

-u
p 

fo
r t

he
 in

de
x 

M
SK

I



Page 11 of 12Butowicz et al. Journal of Translational Medicine          (2022) 20:619  

secondary MSKI risk. These benefits will improve Ser-
vice member health, reduce post-MSKI time to RTD/A, 
and improve Force medical readiness. Finally, the find-
ings of this study may have translational relevance to 
other young, active, and otherwise healthy populations.
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