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Abstract

A 2-Year Prospective Cohort Study
of Overuse Running Injuries

The Runners and Injury Longitudinal Study (TRAILS)

Stephen P. Messier,*t PhD, David F. Martin,¥ MD, Shannon L. Mihalko," PhD, Edward Ip,$ PhD,
Paul DeVita,|| PhD, D. Wayne Cannon,¥ PT, ATC, Monica Love," MS, Danielle Beringer,Jr MS,
Santiago Saldana,® MS, Rebecca E. Fellin,” PhD, and Joseph F. Seay,” PhD

Investigation performed at Wake Forest University, Winston-Salem, North Carolina, USA

Background: The National Center for Injury Prevention and Control, noting flaws in previous running injury research, called for
more rigorous prospective designs and comprehensive analyses to define the origin of running injuries.

Purpose: To determine the risk factors that differentiate recreational runners who remain uninjured from those diagnosed with an
overuse running injury during a 2-year observational period.

Study Design: Cohort study; Level of evidence, 2.

Methods: Inclusion criteria were running a minimum of 5 miles per week and being injury free for at least the past 6 months. Data
were collected at baseline on training, medical and injury histories, demographics, anthropometrics, strength, gait biomechanics,
and psychosocial variables. Injuries occurring over the 2-year observation period were diagnosed by an orthopaedic surgeon on
the basis of predetermined definitions.

Results: Of the 300 runners who entered the study, 199 (66%) sustained at least 1 injury, including 73% of women and 62% of
men. Of the injured runners, 111 (56%) sustained injuries more than once. In bivariate analyses, significant (P < .05) factors at
baseline that predicted injury were as follows: Short Form Health Survey-12 mental component score (lower mental health—
related quality of life), Positive and Negative Affect Scale negative affect score (more negative emotions), sex (higher percentage
of women were injured), and knee stiffness (greater stiffness was associated with injury); subsequently, knee stiffness was the
lone significant predictor of injury (odds ratio = 1.18) in a multivariable analysis. Flexibility, quadriceps angle, arch height, rearfoot
motion, strength, footwear, and previous injury were not significant risk factors for injury.

Conclusion: The results of this study indicate the following: (1) among recreational runners, women sustain injuries at a higher
rate than men; (2) greater knee stiffness, more common in runners with higher body weights (>80 kg), significantly increases
the odds of sustaining an overuse running injury; and (3) contrary to several long-held beliefs, flexibility, arch height, quadriceps
angle, rearfoot motion, lower extremity strength, weekly mileage, footwear, and previous injury are not significant etiologic factors
across all overuse running injuries.
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Running is a popular physical activity with >20 million with decreases or elimination of running activity and can
“regular” runners in the United States” and an estimated be financially, medically, and emotionally problematic.
60 million people having run at least once in a calendar Also, common treatments, such as rest, physical therapy,
year.?® Its popularity is directly related to its numerous bracing, medications, and surgery, may relieve symptoms
health benefits, including improved musculoskeletal health, but do not always address the cause, potentially resulting
body composition, cardiovascular health, and psychological in attenuated long-term activity levels.

state.!” Unfortunately, running is also implicated in high The causes of overuse running injuries are diverse. High
rates of musculoskeletal injuries, with as many as 65% of forces applied to the lower extremity tissues during run-
all runners reporting overuse running injuries each ning,?%?° as well as behavioral risk factors (eg, training
year.?22339 These injuries can offset the health benefits history, injury history)®?%252737 and physiologic risk fac-

tors (eg, quadriceps and hamstring flexibility, quadriceps
angle [Q-angle], arch height, and strengths of muscle,
;3??%%;?;;&8;;”;' of Sports Medicine bone, and other tissues),'"?® have all been implicated as eti-

’ ; ologic factors. Such studies have generally been limited by
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and healthy runners may be due to compensation for pain
from the injury. Furthermore, past studies focused on a nar-
row set of potential risk factors that—when evaluated in
a larger, more complex framework—may lack significance,
leading to incorrect rehabilitation strategies and increased
medical expenses and recovery time.

A few research groups used a more favorable design (ie,
prospective longitudinal), observing initially uninjured run-
ners to avoid the limitations of previous studies. Specifi-
cally, at 2-year follow-up, Davis et al’ found no main
effect of joint loading between female runners who sus-
tained an overuse running injury versus those who
remained injury free. Buist et al* noted that different etio-
logic factors were related to injury in male runners (higher
body mass index [BMI], previous injury, previous sports
participation without axial loading) as compared with
female runners (navicular drop) after 13 weeks of training.
Nielsen et al®! used a 1-year observation period and found
no difference in rearfoot motion between injured and
injury-free runners. Our objective was to use a multifactorial
approach to provide evidence of the etiologic factors associ-
ated with overuse running injuries, to be used by clinicians
and researchers to subsequently reduce injury incidence.
Hence, our purpose was to determine the training behavior
and physiologic, biomechanical, and psychosocial risk fac-
tors that differentiate recreational runners who remain
uninjured from those with a diagnosed overuse running
injury during a 2-year observational period.

METHODS

Study Design

The Runners and Injury Longitudinal Study (TRAILS) was
a prospective longitudinal observational trial of 300 initially
uninjured runners that examined the risk factors common
to all overuse running injuries sustained during a 2-year
observation period. This study was approved by the human
subjects committee of Wake Forest Health Sciences. Informed
consent was obtained in writing from all participants.

Participants

People who responded to a 12-month recruitment effort
completed an eligibility questionnaire during a prescreening
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visit. Inclusion criteria were age 18 to 60 years, running
a minimum of 5 miles per week, and injury free for at least
the past 6 months, with current training unaffected by any
previous injury. Exclusion criteria were current pregnancy,
or previous anterior cruciate ligament tear, reconstructive
joint surgery, or joint replacement. Study personnel gave
eligible participants an overview of the study, obtained
signed informed consent, and collected baseline demo-
graphic, training, physiologic, biomechanical, and psychoso-
cial data during 2 screening visits. Questionnaires were
administered at 6- and 12-month follow-up and each time
that an injury was reported; no follow-up questionnaires
were administered during months 13 to 24. Participants
were queried biweekly via email for the study duration
(24 months) regarding injuries that they may have sus-
tained during the past 2 weeks. A positive response promp-
ted an appointment with our study physician (D.F.M.) and
physical therapist (D.W.C.). At study completion, partici-
pants received a US $100 gift certificate toward running
shoes at a local sporting goods store.

Definition of Injury

Overuse running injuries were graded with the method
defined by Marti et al?®: grade 1, maintained full activity
in spite of symptoms; grade 2, reduced weekly mileage;
and grade 3, interrupted all training for at least 2 weeks.

Testing Visits

Two baseline screening visits were scheduled 2 to 4 weeks
apart. Screening visit 1 included consent, medical history,
medication, training history, injury history, demographics,
anthropometrics, and knee and ankle strength; screening
visit 2 included psychosocial questionnaires, hip strength,
and gait analysis. The medication, training history, and
psychosocial questionnaires administered at baseline
were repeated at 6- and 12-month follow-up and at follow-
up visits subsequent to reporting running-related injuries.
Data from baseline testing and subsequent injury diagno-
ses were used in the injury prediction equations.

Training and Injury History

Training and injury history questionnaires were used to
gather information regarding weekly mileage, years

*Address correspondence to Stephen P. Messier, PhD, J.B. Snow Biomechanics Laboratory, Department of Health and Exercise Science, Wake Forest

University, Winston-Salem, NC 27109, USA (email: messier@wfu.edu).

J.B. Snow Biomechanics Laboratory, Department of Health and Exercise Science, Wake Forest University, Winston-Salem, North Carolina, USA.

*Department of Orthopaedic Surgery, Wake Forest School of Medicine, Winston-Salem, North Carolina, USA.

§Department of Biostatistical Sciences, Wake Forest School of Medicine, Winston-Salem, North Carolina, USA.

IDepartment of Kinesiology, East Carolina University, Greenville, North Carolina, USA.

YWayne Cannon Physical Therapy and Associates, Winston-Salem, North Carolina, USA.

”Military Performance Division, United States Army Research Institute of Environmental Medicine, Natick, Massachusetts, USA.

The opinions or assertions contained herein are the private views of the authors and are not to be construed as official or as reflecting the views of the
Army or the Department of Defense. The investigators have adhered to the policies for protection of human subjects as prescribed in Army Regulation 70-
25, and the research was conducted in adherence with the provisions of 32 CFR part 219.

One or more of the authors has declared the following potential conflict of interest or source of funding: Supported by Department of Defense grants
W81XWH-10-1-0455 and W81XWH-12-1-0360 USAMRAA (US Army Medical Research Acquisition Activity). The Department of Defense provided direct
funds for research staff, research faculty, supplies, and expenses for testing and indirect funds paid to Wake Forest University for use of facilities and intel-

lectual property (ie, research faculty and staff).



AJSM Vol. 46, No. 9, 2018

running, average training pace, shoe classification, mile-
age in shoes before discarding, and past injuries.

Physiologic Testing

Flexibility (quadriceps, hamstring, and ankle), Q-angle,
and arch height were measured with digital photographs
(Nikon Coolpix L.22) and Imaged software (National Insti-
tutes of Health) to calculate angles and areas.

Anthropometric Evaluation. Hamstring flexibility was
measured as maximum knee extension: the participant was
supine; the hip and knee were flexed to 90° and a strap was
placed over the contralateral thigh to secure the participant
to the table. Quadriceps flexibility was measured as maximum
knee flexion: the participant lay prone; both thighs were strap-
ped to the examining table; and the knee was actively flexed
until it met resistance or the hip began to flex.

Ankle flexibility was measured with the participant’s
legs extended and the foot placed in a neutral angle equiv-
alent to 90° of dorsiflexion. Plantar flexion and dorsiflexion
active range of motion were calculated as change from the
neutral angle. For all flexibility measures, 3 trials were
averaged to yield a representative value for each side.

Q-angle was measured with the participant standing,
with feet standardized by a template and markers placed
on the anterior superior iliac spine, midpoint of the patella,
and tibial tuberosity. Q-angle was the angle formed by the
intersection of 2 lines that connected the midpoint of the
patella to the anterior superior iliac spine superiorly and
to the tibial tuberosity inferiorly.

Arch index, a surrogate measure of arch height, was

assessed with the technique of Cavanagh and Rodgers.® A
footprint, created by having the participant step onto a Har-
ris mat with one-half of total bodyweight, was divided into
thirds, not including the toes. The area of the middle third
was divided by the total area to yield an arch index.

Strength Measurements. Knee and ankle concentric
strength was measured with an isokinetic [dynamometer
set at an angular velocity of 60 deg/sec. Both legs were
tested, with the order of testing (right vs left) alternated
to limit any practice or fatigue effects. The first joint eval-
uated (knee or ankle) was alternated for each successive
participant. Before testing, a warm-up habituated partici-
pants to the equipment. The activation force for each mus-
cle group test was set at 50% of maximal voluntary
isometric contraction. Two maximal reproducible trials
were averaged from, at most, 6 trials for each test.

Knee Strength. Each participant was secured with torso
and tested leg strapped to the testing chair, with hands
across the chest, the dynamometer axis aligned with the
knee, and the resistance pad attached to the lower leg
proximal to the ankle joint. Gravity effect torque was cal-
culated according to leg weight at a 45° angle. Knee exten-
sors and flexors were tested through a joint arc from 90° to
30° (0° = full extension). The first and last 10° were deleted
to account for the dynamometer’s acceleration and deceler-
ation at the ends of the range of motion and for possible
inconsistent effort. Hence, average force was calculated
between joint angles of 40° to 80°.
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Ankle Strength. Ankle plantar flexors and dorsiflexors
were tested through a joint arc from 15° of dorsiflexion to
15° of plantar flexion. The first and last 5° were deleted
to account for the dynamometer’s acceleration and deceler-
ation at the ends of the range of motion.

Hip Strength. Hip abduction strength was measured
through a joint arc from 0° to 30° (0° = anatomic position)
with the dynamometer set at an angular velocity of 30 deg/
sec. The first and last 5° were deleted to account for the
dynamometer’s acceleration and deceleration at the ends
of the range of motion.

Biomechanical Gait Analysis

Three-dimensional kinematic and kinetic data were used to
analyze lower extremity mechanics. A 6-camera motion cap-
ture system (Motion Analysis Corporation) set to sample data
at 200 Hz was synchronized with a strain gauge force plat-
form (Advanced Mechanical Technology, Inc) set to sample
data at 480 Hz. Participants ran in their normal training
shoes at their average training speed (+3.5%) on a 22.5-m
runway while motion and force data were captured. Running
speed was recorded and monitored with a photoelectric con-
trol system (model 63501; Lafayette) interfaced with a digital
timer. A set of 37 passive reflective markers arranged in the
Cleveland Clinic full-body configuration was attached to the
runners. Markers were also placed on the rearfoot and shank
to calculate frontal plane subtalar motion. Three acceptable
trials for each side were averaged to yield representative val-
ues. An acceptable trial was defined as running within a nor-
mal training pace and contacting the force platform with the
appropriate foot in normal stride.

Raw coordinate data were collected and smoothed with
EVA and Cortex software (Motion Analysis Corp) with
a Butterworth low-pass digital filter set with a cutoff fre-
quency of 6 Hz. The smoothed video-coordinate data and
ground-reaction, gravitational, and inertial forces provided
input to calculate temporal and lower extremity kinematic
and kinetic variables with Visual3D software (C-Motion).
Outcome variables included rearfoot motion parameters,
medial/lateral tibial rotation, knee kinematics, and
ground-reaction forces. Rearfoot and midfoot/forefoot strik-
ers were included in the analysis, with the vertical force
impact peak being absent for the latter group.

We also calculated knee joint stiffness (N-m/deg),
defined as the ratio of the maximum change in the internal
knee extension moment with the maximum change in the
knee flexion angle during the first half of the support
phase and in which these maxima occurred within 10%
of one another'?; 98% of the trials and data from all 300
runners met these criteria:

Kjoint(N-m/deg) =AM (N-m)/A6(deg),

where &joins = maximum knee stiffness during the first 50%
of the stance phase, AM = maximum change in internal
knee extension moment during the first 50% of the stance
phase, and Af = maximum change in knee flexion angle
during the first 50% of the stance phase.
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The lower extremity was modeled as a rigid linked seg-
ment system. Magnitude and location of the segmental
masses, mass centers, and segmental moments of inertia
were estimated from position data with a previously pub-
lished mathematical model,'® relative segmental masses
reported by Dempster,® and the participant’s anthropomet-
ric data. Inverse dynamics with linear and angular Newton-
ian equations of motion were used to calculate the joint
reaction forces and moments at each joint. These data
were used to determine hamstring, quadriceps, and gastroc-
nemius muscle forces and lateral collateral ligament force,
which were used to determine bone-on-bone tibio- and patel-
lofemoral compressive forces and tibiofemoral anteroposte-
rior shear force with a torque-driven model developed by
DeVita and Hortobagyi.® Our predictions for knee muscle
and joint forces compare favorably with other predictive
models®**® and are similar to measured forces from instru-
mented knee joint prostheses.'®® Details of this model and
its limitations are published elsewhere.?®

Psychosocial Measures

Psychosocial questionnaires administered included the
following:

e 12-Item Short Form Health Survey (SF-12) health-

related (quality-of-life survey (0,10w; 100, high)—which

measures perceived health (mental subscale) and func-
tioning (physical subscale)*?

e Satisfaction With Life Scale (5} éxtrémely dissatisfied;

e Positive and Neiative Affect Scale iPANAS) (10, very

o State-Trait Anxiety Inventory—S Scale (20;not at'all; 80;

e Visual analog scale for pain (050 pain; 10, extreme

Statistical Analysis

Descriptive statistics and visualization were first used to sum-
marize the data, including demographics, anthropometrics,
medical history, runner’s history, training behavior, strength,
biomechanical gait data, and psychosocial measures.

For bivariate analysis, we tested whether a specific
anthropometric, biomechanical, training, or psychosocial
variable predicted injury. Training pace and body weight
were included as covariates in bivariate analyses of biome-
chanical variables. Group averages by injury status were
included for explanatory purposes.

Variables that were identified as significant (P < .05) in
the bivariate analyses were included as independent vari-
ables in a multivariable logistic regression model in which
injury remained the dependent variable. Additionally,
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TABLE 1
Location of First Injury
During the 2-Year Observation Period

n (%)
Knee 56 (28)
Foot 42 (21)
Hip 25 (13)
Ankle 24 (12)
Leg 24 (12)
Thigh 15 (8)
Back 7(3)
Pelvis 6 (3)

training pace and body weight were included as covariates.
All statistical tests of significance of the independent vari-
ables were 2-sided with significance level set at .05. All
analyses were conducted in SAS (v 9.4; IBM).

Strength variables for the final 116 participants were
collected on an isokinetic dynamometer (Humac Norm;
CSMi), which replaced the dynamometer (KinCom; Chat-
tanooga Corp) used to collect data on the first 184 partici-
pants. We conducted a pilot study on 8 participants with 3
repeated measurements to obtain strength data on both
dynamometers, and we used regression analysis to cali-
brate a model for the conversion between the strength
measures from each machine. The machine effect was ana-
lyzed as a fixed effect in the model and was not statistically
significant. Consequently, we did not include isokinetic
dynamometer (Humac or KinCom) as a variable in subse-
quent analyses.

RESULTS

Of the 809 people prescreened,

to biweekly injury status emails throughout the 24-month
[observation period."Women represented 43% of the cohort

(women, n = 128; men, n = 172).

ost of the first injuries
occurred during year 1 (83%, n = 166); 33 first injuries
were diagnosed during year 2. Severity of the first injuries
was equally divided between grade 1 (maintain weekly
mileage; n = 96) and grades 2 + 3 (altered or discontinued
training attributed to injury; n = 103). The knee was the
most often injured site of the first injury, followed closely
by the foot (Table 1). Thirty-five acute injuries were not
considered overuse and thus not included in this analysis;
trip/fall (n = 9) and sprained ankle (n = 8) were the most
common.

Bivariate Analyses

Sex was a significant predictor of injury. Female runners
were more likely than male runners to sustain an overuse
running injury; 73% of women and 62% of men sustained
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TABLE 2
Participant and Training Behavior Characteristics Used to Predict Injury®
Injured Uninjured Range P Value

Age, y 42.3 = 9.7 40.0 = 10.3 18-60 .06
Height, m 1.73 = 0.09 1.74 = 0.09 1.51-1.98 .35
Weight, kg 71.6 = 13.1 74.4 * 14.6 45.8-131.2 .10
Body mass index, kg/m? 23.9 + 3.3 24.5 + 3.4 17.4-37.7 .16
Miles per week 204 = 11.6 19.9 = 145 5-100 .75
Running experience, y 10.5 = 9.9 119 £ 9.3 0.8-40.3 .24
Training pace, min/mile 9.1 +12 89 + 12 6.5-15.0 2
Previous injury, n (%) 148 (74) 66 (65) .10
Sex, %

Female 73 27 .05

Male 62 38
Changed shoe classification, n (%) 59 (30) 21 (21) .10

“Values presented as mean + SD unless noted otherwise.

TABLE 3
Anthropometric and Strength Characteristics Used to Predict Injury®
P Value
Injured (n = 199) Uninjured (n = 101) Unadjusted Adjusted®

Anthropometric, deg®

Q-angle 14.2 = 7.0 129 = 7.3 .14

Arch index 0.22 + 0.06 0.22 = 0.05 .85

Quadricep flexibility 54.7 = 7.6 549 + 7.6 .86

Hamstring flexibility 157.0 = 12.1 155.2 = 13.0 .35

Plantar flexor flexibility 15.3 = 6.3 15.7 = 5.7 .60

Dorsiflexor flexibility 40.4 £ 6.8 404 = 7.1 .95
Strength, N-m?

Hip abductors 76.4 = 18.9 78.4 + 19.6 41 74

Knee extensors 88.7 = 35.8 95.5 £ 39.1 .14 .63

Knee flexors 54.2 = 18.1 57.8 = 19.1 12 .61

Knee flexion/extension ratio 0.65 = 0.21 0.65 = 0.20 .96 .92

Ankle plantar flexors 40.6 = 14.9 40.8 = 15.1 .90 .60

“Values presented as mean + SD. Q-angle, quadriceps angle.

bAdjusted for sex. Knee flexion/extension ratio adjusted for sex and body weight.

“Values in degrees, except arch index.
9Values in N-m, except knee flexion/extension ratio.

at least 1 injury. Of the 128 female runners, 35 (27%)
remained injury-free during the 2-year observation period,
as opposed to 66 (38%) of the 172 male runners.

Training Behaviors. The injured and uninjured groups
reported similar training regimens at baseline. On aver-
age, both groups ran 20 miles per week, had 11 years of
running experience, and trained at a pace of 9 min/mile.
Female runners trained at a significantly slower pace
than male runners (men, 8.72 *= 1.18 min/mile; women,
9.35 * 1.12 min/mile; P < .001). Previous injury was not
a significant predictor of current injury (Table 2).

We combined lightweight, minimalist, motion control, and
stability footwear into 2 groups—lightweight/minimalist
(only 14 of 170 were classified as minimalist) and stability/
motion control—to determine if shoe type was a significant
risk factor for injury. The injured and uninjured groups
tended to prefer lightweight/minimalist footwear by a small

margin: 56% of injured runners and 59% of uninjured run-
ners (P = .87). During the first 12 months, 30% (59 of 199)
of the injured group and 21% (21 of 101) of the uninjured
group changed shoe classification (P = .10). The direction of
change between groups was also not significant (changed to
stability/motion control, P = .11; changed to lightweight/min-
imalist, P = .63).

Anthropometrics and Strength. Q-angle, arch height,
and flexibility (quadriceps, hamstring, and ankle) were
not significant predictors of injury. After adjusting for
sex, hip abductor, knee extensor and flexor, and ankle
plantar flexor strengths were statistically similar between
groups and not predictive of injury (Table 3).

Psychosocial Outcomes. The SF-12 mental component
subscale and the PANAS negative affect subscale baseline
scores were predictive of injury status; injured runners
reported significantly worse mental health—related quality
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TABLE 4
Psychosocial Characteristics Used to Predict Injury®

Measure® Injured (n = 199) Uninjured (n = 101) P Value
SF-12 (0-100)

Physical 56.0 + 2.4 55.8 = 1.7 .37

Mental 478 +5.9 49.5 + 3.2 .01
PANAS (10-50)

Positive affect 38.3 £ 5.7 38.9 =49 43

Negative affect 14.7 = 3.9 13.6 = 3.0 .02
STAI-S scale (20-80) 294 + 6.3 27.8 £ 5.8 .18
Exercise self-efficacy (0-100) 97.0 = 5.8 97.9 = 6.0 .25
Visual analog scale for pain (0-10) 0.85 + 1.1 1.1 +1.2 .37
Satisfaction with life (5-35) 28.5 = 4.7 29.1 = 5.1 .30

“Values presented as mean + SD. PANAS, Positive and Negative Affect Scale; SF-12, 12-Item Short Form Health Survey; STAI-S, State-

Trait Anxiety Inventory—S Scale.
®Range of possible values in parentheses.

TABLE 5
Biomechanical Force Characteristics Used to Predict Injury®
P Value
Injured (n = 199) Uninjured (n = 101) Unadjusted Adjusted®
Vertical impact peak, N 1038 + 237 1088 + 239 .13 74
Vertical propulsive force, N 1585 = 291 1677 = 300 .02 .06
Braking force, N 204 = 51 215 = 50 .10 .79
Propulsive force, N 180 + 43 192 + 42 .04 .38
Tibial compressive force, N 6722 + 1578 7081 + 1551 .08 .68
Patellofemoral compressive force, N 2911 + 951 3074 + 901 .18 s
Knee abduction moment, N-m -67.0 = 29.0 -72.8 = 26.9 .13 51
Knee extension moment, N-m 1424 + 44.1 149.2 + 43.8 .23 .88
Max knee flexion, deg 40.0 = 5.3 40.1 = 4.7 .89 .82
Knee stiffness, N-m/deg 6.89 * 2.65 6.72 *+ 2.03 .56 .03
Knee power absorption, W -546 *+ 198 —584 = 196 .15 .63
Knee negative work stance, J -30.4 = 11.9 -32.7 £ 11.5 .14 .61

“Values presented as mean + SD. Mean body weight: 701 N (injured) and 728 N (uninjured).

bAdjusted for training pace and body weight.

i A ioFe MeganiveIematons! Both groups reported

low levels of pain, above-average physical health-related

quality-of-life scores, high satisfaction with life and exercise

self-efficacy, and moderately low stress levels (Table 4).
Biomechanical Analysis.

[torsTof injury (Table'5)! For the uninjured group, vertical

ground-reaction forces peaked at 2.3 times body weight;
peak braking forces were 0.29 times body weight; and
bone-on-bone tibial compressive forces were 9.7 times
body weight. Peak knee power absorption and negative
work during stance were not significant risk factors (P >
.05); however, knee joint stiffness was a significant predic-
tor of injury (P = .03).

Mean rearfoot motion data revealed that both groups
touched down

Aistace fFom Hieee (TABIEIB)] Figures 1 to 3 are angle-
angle. diagrams that Allusirate the timing of subtalar

Multivariable Analysis

Variables that were significant in the bivariate analyses
were included in a multivariable logistic regression model.
These included maximum vertical ground-reaction force,
maximum propelling force, maximum knee stiffness, SF-
12 mental component, PANAS negative score, and sex. In
this multivariable analysis, maximum knee stiffness
(N-m/deg) remained a statistically significant predictor of
injury (P = .03): every 1-N-m/deg increase in knee stiffness
(maximum knee stiffness = 6.89 N-m/deg) increased the
odds of sustaining an overuse running injury by 18%
(odds ratio = 1.18). The model explained 12.3% of the var-
iance (Table 7).
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TABLE 6
Rearfoot Motion Characteristics Used to Predict Injury®
Injured (n = 199) Uninjured (n = 101) P Value?
Touchdown angle, deg 6.0 = 3.7 6.4 + 3.6 .40
Maximum eversion, deg -74 = 35 -74 + 35 94
Eversion range of motion, deg 13.4 = 3.6 13.8 = 3.7 .35
Maximum eversion velocity, deg/s -182 *+ 61 -186 = 61 .59
Forefoot angle, deg (+, adduction) -36*+17.1 -4.5 + 6.7 .38
Strike index, % (distance from heel) 12 + 18 14 = 20 44
“Values presented as mean + SD.
®Unadjusted.
8 8
| . Inversion
/-— o
——Injured  N=199

= =Uninjured N=101

10 15
Plantar Flexion

-30 25
Dorsiflexion

Subtalar Angle (Deg)

Eversion

-8
Ankle Plantar/Dorsiflexion Angle (Deg)

Figure 1. Timing of ankle and frontal plane subtalar move-
ment. FS, foot strike; TO, toe-off.

DISCUSSION

Bivariate Analyses

The distribution of observed injuries was similar to that of
prior studies,”?”*® with the knee and foot being the most
common injury sites. In contrast to earlier studies, previ-
ous injury was not a significant risk factor and not predic-
tive of injury.?%2?

Macera et al?2 found that men and women had similar
rates of overuse running injuries, approximately 50% per
year, whereas Taunton et al®>” noted that the frequency
of some injuries was sex dependent. Our data indicate
that sex was a significant predictor of injury incidence:
female runners were injured more often than male runners
(73% vs 62%, P = .046), and approximately half of each sex
was injured more than once during the 2-year period. In
contrast, a cohort study of 532 novice runners training
for 13 weeks in preparation for a 4-mile race revealed
that men were injured at 1.5 times the rate of women (haz-
ard ratio = 1.5, P = .04) and had different etiologic factors.*
It is possible that the lack of running experience in this
study accounted for the difference with our data (novice

—Injured N=199

= =Uninjured N=101

Lateral Medial

Subtalar Angle (Deg)

-6

Eversion

-8
Tibial Rotation Angle (Deg)

Figure 2. Timing of tibial rotation and frontal plane subtalar
movement. FS, foot strike; TO, toe-off.

vs a mean of 11 years). For example, there is considerable
variability in stride length among novice runners for at
least the initial 7 weeks of training.! The higher injury
rate in female runners over male runners is important,
but it is also meaningful to recognize that both sexes
were injured at high rates.

Training Behavior. For >40 years, sports medicine
clinicians and researchers have cited excessive weekly
mileage as a significant risk factor for overuse running
injuries.>34% Macera et al®® found that running >40 miles
per week during a 12-month observational period was the
most important predictor of injury among 583 habitual
runners. In contrast, our previous retrospective studies
revealed little difference in mileage between injured and
uninjured groups.'?52” Similarly, there was no difference
in weekly mileage or running experience between the
groups in the current study, with both groups averaging
20 miles per week (range, 5-100) and having 11 years of
running experience, thereby suggesting similar long-term
cumulative loads on the lower extremity. We previously
speculated that each runner has a threshold for weekly
mileage, above which other abnormal stressors have
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Figure 3. Timing of knee flexion/extension and frontal plane
subtalar movement. FS, foot strike; TO, toe-off.

sufficient time to cause musculoskeletal injury.?® Our
results suggest that the uninjured group was below this
weekly mileage threshold for injury or had fewer addi-
tional stressors or that, among a cohort of experienced rec-
reational runners, weekly mileage is not an independent
risk factor for overuse running injuries.

In a randomized controlled trial of female novice run-
ners assigned to wear a neutral, stability, or motion control
shoe during a 13-week run training program, Ryan et al®®
concluded that conventional assignment of footwear stabil-
ity categories had no effect on pain. Runners with pronated
feet who wore stability shoes had no less pain than a simi-
lar group assigned to wear neutral shoes. Nigg et al®?
recently noted that there is little difference in impact and
motion control characteristics among running footwear
and that comfort is paramount. Taken together, these
studies support our data that injury incidence is not influ-
enced by shoe type.

Anthropometrics. The role of BMI as a risk factor for
overuse running injuries is uncertain. Buist et al* and Vitez
et al*? found that a higher BMI was a risk factor for male
runners, suggesting that the added joint stress from the
additional weight is a mechanism of injury. In contrast,
other studies indicated that a low BMI was a risk for stress
fracture in women and that a high BMI was protective of
overuse running injuries for men.3"38 No statistical differ-
ences existed in height, weight, BMI, or age between our
groups. A mean BMI of 24 kg/m? a weekly mileage of 20
miles, a mean age of 41 years, and a training pace of 9
min/mile provide an accurate profile of the injured and
uninjured recreational runners in this trial.

Q-angle, arch height, and knee and ankle flexibility were
all similar between our injured and uninjured groups. These
results are supported by our previous retrospective stud-
ies, 12530 with 1 exception.?® The mean arch index was
within the normal range in both groups.® Our retrospective
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TABLE 7
Parameter Estimates for Multivariable Analysis®

Parameter Odds Ratio 95% CI Pr > |tl
Dominant vs nondominant 1.064 0.623-1.820 .82
Maximum vertical GRF, N 0.998 0.996-1.001 .17
Maximum propelling force, N 0.998 0.987-1.009 .72
Maximum knee stiffness, N-m/deg 1.184 1.021-1.374 .03
SF-12, mental component 0.962 0.891-1.039 .32
PANAS, negative affect scale 1.048 0.952-1.115 .34
Training pace, min/mile 1.058 0.727-1.540 .77
Weight, kg 1.058 0.951-1.047 .92
Male vs female 1.147 0.482-2.726 .76

“This model explained 12.3% of the variance, suggesting that
predictors of injury in addition to knee stiffness have yet to be
identified. GRF, ground-reaction force; PANAS, Positive and Neg-
ative Affect Scale; SF-12, 12-Item Short Form Health Survey.

studies revealed mixed results: compared with uninjured
groups, runners with knee pain or Achilles tendinitis had
lower arch indices (ie, higher medial longitudinal arch),
whereas runners with iliotibial band friction syndrome or
plantar fasciitis had similar, normal arch heights. 2527

It appears intuitive that greater lower extremity flexibil-
ity would lower joint stress and diminish the risk of overuse
running injuries?; however, little supportive scientific evi-
dence exists. The frequency of stretching provides no infor-
mation on quality and does not directly measure flexibility.
Also contributing to the lack of relevant data is the lack of
gold standard measures of flexibility. Greater plantar flex-
ion range of motion is a risk factor for plantar fasciitis,
although exactly why is unclear.?%** Some evidence exists
that greater hamstring flexibility lowers the risk of injury.?*
Our previous retrospective studies showed that flexibility
was not a risk factor for knee pain,'>?® iliotibial band fric-
tion syndrome,?” medial tibial stress syndrome,>® or Achilles
tendinitis.?® Similarly, there were no differences in quadri-
ceps, hamstring, or ankle dorsiflexor and plantar flexor flex-
ibility between our injured and uninjured groups.

Strength. Lack of muscular strength is an oft-cited risk
factor for running-related injuries,'"**?7 attributed in part
to the reduced ability of the surrounding muscles to absorb
shock.?® Surprisingly, we found no significant differences
in strength between the injured and uninjured groups;
the trend was for greater strength in the uninjured group.
Proportionally more women were in the injured group, and
they had significantly less lower extremity strength (P <
.001; data not shown) than the men. Controlling for sex,
however, did not alter the statistical results; strength
was not predictive of injury. Perhaps enhanced neuromus-
cular control that improves the runner’s ability to utilize
muscular strength effectively is more important than
strength alone in preventing injury.

Psychosocial Variables. Although many factors have
been related to running injuries, there is a dearth of infor-
mation on potential psychosocial factors that may affect
why some runners train for years without injury and
others repeatedly incur injuries. In their review of
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prevention strategies for running injuries, Fields and col-
leagues'® reported some evidence for the role that stress
plays in injury; however, most of their data were limited
to running injuries in the context of sport and competition.
In our study of recreational runners, those who reported
worse mental health—related quality of life and more nega-
tive affective states, such as being jittery, irritable, and
nervous, were more likely to sustain overuse running inju-
ries. It may be that runners with poorer mental health
exceed their limits or take fewer precautions when experi-
encing more negative mood states. Negative emotions have
been linked to a narrow range of thoughts and actions;
runners feeling negative emotions may narrow their atten-
tional focus and awareness of internal cues (eg, less kines-
thetic awareness).’® While these findings suggest that
psychosocial factors are predictive of injury among run-
ners, further research is needed to understand how this
might relate to the physiologic mechanisms of injury.

Biomechanical Analysis. Running can be characterized
as a series of collisions with the ground. Hreljac*® and Hrel-
jac et al?! posit that the repeated application of high-impact
forces without sufficient time between them can cause
injury. While some evidence exists to support this general
model of overuse injury,?! our previous retrospective studies
demonstrated that uninjured runners had higher ground-
reaction forces than injured runners.'»?%27 Similarly, max-
imum vertical ground reaction force and maximum propul-
sive force were significantly greater in our uninjured group.
However, after adjusting for training pace and body weight,
these force variables were statistically similar.

Excessive rearfoot motion has long been discussed as clin-
ically meaningful®; however, few studies found it to discrimi-
nate statistically between injured and uninjured
runners.>®* Our results support a similar 1-year observa-
tional prospective study that found no statistical difference
in rearfoot motion between injured and uninjured groups.>!
Moreover, there were no differences in the timing of rearfoot
motion with other lower extremity segments. These data sug-
gest that subtalar motion does not predict overuse running
injuries, thus supporting Nigg et al’s®® assertion that the
most important qualities required in running footwear are
fit and comfort.

Multivariable Analysis

Maximum knee stiffness—the ratio of the change in the
internal knee extensor moment with the change in knee
flexion during the first half of the support phase—was
the lone significant predictor of injury in the multivariable
analysis: knee stiffness was significantly higher in the
injured group after controlling for training pace and body
weight. Peak knee extension moment, created by quadri-
ceps eccentric contraction while the knee flexes after foot
strike, and peak change in joint angle occur at approxi-
mately the same time. Accordingly, Farley et al'? sug-
gested that the knee acts like a torsional spring,
dissipating energy during foot strike; higher joint stiffness
(greater eccentric contraction of the quadriceps, attenu-
ated knee flexion, or both) would therefore suggest less
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Knee Stiffness vs. Body Weight
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Figure 4. Relationship between knee stiffness and body
weight relative to injury status.

energy dissipation, which may be detrimental to knee joint
structures. We suggest that reductions in knee stiffness
could be accomplished by either shortening step length or
running on a stable but softer surface; each would likely
lead to attenuated ground-reaction forces and a subsequent
reduction in knee extensor moments.'3

Despite the small (2%) difference in group means, knee
stiffness was a significant predictor of injury. The relation-
ship between body weight and knee stiffness provides
insight that influenced this statistical outcome. Specifi-
cally, body weight and knee stiffness were more strongly
correlated within the injured group (Figure 4). The biggest
separation between the regression lines for each group
occurred as body weights approached 80 kg; however, the
distribution of body weights was skewed toward values
between 40 kg and 80 kg, where there was little separation
between the regression lines. Hence, knee stiffness was
a significant predictor of injury owing largely to the
greater stiffness values in the injured group at higher
body weights, with the skewed distributions resulting in
a small difference in group means. We suggest that greater
knee stiffness, more common in runners with higher body
weights (>80 kg), significantly increases the odds of sus-
taining an overuse running injury. Since knee stiffness
involves aspects of force (knee extensor moment) and
motion (knee flexion angle), it is not surprising that a mea-
sure that incorporates both would be a viable predictor of
overuse running injuries. In addition to the suggestions
noted here, reducing the body weight of runners at the
higher end of the distribution may reduce stiffness and
the chance of injury. Our evidence, however, is based on
correlational data, which do not indicate causality.

With 12.3% of variance accounted for by this model and
a significant odds ratio of only 1.18, it seems clear that pre-
dictors of injury other than knee stiffness have yet to be
identified. For example, we speculate that runners who
become injured have tissues that cannot withstand the rel-
atively high, rapidly and frequently applied loads that
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overwhelm the tissues’ resiliencies. Unfortunately, these
tissue characteristics are not easily measured.

Note that some variables (eg, self-efficacy) that showed
strong bivariate relationships with injury were not statisti-
cally significant in the multivariable model. It is possible
that the complex interactions among variables—for exam-
ple, self-efficacy related to general fitness, fitness to age,
and age to less power—render certain strong bivariate
relationships beyond detection after adjustment within
the multivariable statistical model. The results from bivar-
iate analyses, however, should be used to inform future
investigations.

Limitations

Extreme values for rearfoot motion, Q-angle, arch height,
flexibility, and weekly mileage are thought to be important
risk factors for injury. Whether the subgroup of our run-
ners with extreme values for these variables responds dif-
ferently than that at the mean is an intriguing question.
We attempted to determine if there are risk factors that
are common across all lower extremity injuries. Future
analyses will focus on those runners who sustained the
most common running-related injuries. Finally, all predic-
tion variables were measured at baseline; any variability
between baseline and the time of injury was not assessed.

CONCLUSION

The results of this study indicate the following: (1) among
recreational runners, women sustain injuries at a higher
rate than men; (2) greater knee stiffness, more common
in runners with higher body weights (>80 kg), significantly
increases the odds of sustaining an overuse running injury;
and (3) contrary to several long-held beliefs, flexibility,
arch height, Q-angle, rearfoot motion, lower extremity
strength, weekly mileage, footwear, and previous injury
are not significant etiologic factors across all overuse run-
ning injuries.
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