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Context: Running-related injuries are common in distance
runners. Strength training is used for performance enhancement
and injury prevention. However, the association between
maximal strength and distance-running biomechanics is unclear.

Objective: To determine the relationship between maximal
knee- and hip-extensor strength and running biomechanics
previously associated with injury risk.

Design: Cross-sectional study.
Setting: Research laboratory.
Patients or Other Participants: A total of 36 collegiate

distance runners (26 men, 10 women; age ¼ 20.0 6 1.5 years,
height ¼ 1.74 6 0.09 m, mass ¼ 61.97 6 8.26 kg).

Main Outcome Measure(s): Strength was assessed using
the 1-repetition maximum (1RM) back squat and maximal
voluntary isometric contractions of the knee extensors and hip
extensors. Three-dimensional running biomechanics were as-
sessed overground at a self-selected speed. Running variables
were the peak instantaneous vertical loading rate; peak forward
trunk-lean angle; knee-flexion, internal-rotation, and -abduction
angles and internal moments; and hip-extension, internal-
rotation, and -adduction angles and internal moments. Separate

stepwise linear regression models were used to examine the
associations between strength and biomechanical outcomes
(DR2) after accounting for sex, running speed, and foot-strike
index.

Results: Greater 1RM back-squat strength was associated
with a larger peak knee-flexion angle (DR2 ¼ 0.110, DP ¼ .045)
and smaller peak knee internal-rotation angle (DR2¼ 0.127, DP
¼ .03) and internal-rotation moment (DR2¼0.129, DP¼ .03) after
accounting for sex, speed, and foot-strike index. No associa-
tions were found between 1RM back-squat strength and vertical
loading rate, trunk lean, or hip kinematics and kinetics. Hip- and
knee-extensor maximal voluntary isometric contractions were
also not associated with any biomechanical variables.

Conclusions: Greater 1RM back-squat strength was weak-
ly associated with a larger peak knee-flexion angle and smaller
knee internal-rotation angle and moment in collegiate distance
runners. Runners who are weaker in the back-squat exercise
may exhibit running biomechanics associated with the develop-
ment of knee-related injuries.
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Key Points

� Greater 1-repetition back-squat strength was weakly associated with larger knee-flexion angles and smaller knee
internal-rotation angles during running in collegiate distance runners.

� Isometric knee- and hip-extensor strength were not associated with any biomechanical outcome.
� A smaller knee-flexion angle may contribute to additional knee-joint stiffness, which has been prospectively linked to

overuse injuries in runners.
� A larger knee internal-rotation angle during running has been found in runners with a history of iliotibial band

syndrome.
� Exercises to enhance the 1-repetition maximum back squat should be considered in resistance-training programs

for distance runners to improve performance and reduce the injury risk.

A
s of 2015, more than 30 000 runners were
participating in National Collegiate Athletic Asso-
ciation cross-country running.1 However, colle-

giate distance runners are at high risk for overuse injuries.
For instance, Kerr et al2 reported injury rates of 4.66 and
5.85 per 1000 athlete-exposures for males and females in
National Collegiate Athletic Association cross-country
from 2009–2010 through 2013–2014, respectively. Given
the reported injury rates, understanding the risk factors for
developing lower extremity injury in runners is important.
The cause of running-related injury is multifactorial, and

muscle weakness3 and aberrant running biomechanics4 may
be linked to injury risk.

Strength training is used by competitive distance runners
for performance enhancement and injury prevention.5 In the
context of running performance, muscle strength may
contribute to improved running economy (ie, energy
expenditure at a given velocity). For example, Li et al6

observed that 8 weeks of resistance training using the back-
squat exercise improved running economy and 5-km time
in competitive runners. The squat is also commonly
recommended for injury prevention in young runners7
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because it involves multiple lower extremity muscle groups
(eg, hip and knee extensors) while also requiring hip and
knee stability from the hip musculature, including the
gluteus maximus and medius.8 Muscle weakness may
contribute to an elevated injury risk in distance runners. For
example, hip-muscle weakness has been associated with
running-related injuries in cross-sectional and prospective
observations.3 Runners with anterior knee pain had weaker
knee extensors and flexors than control runners.9 Further-
more, researchers have linked strength-training interven-
tions to running biomechanics that are associated with
increased injury risk. For instance, authors10 reported that
knee-abduction moments were reduced after strength
training in recreational runners. However, the association
between maximal lower extremity muscle strength and
running biomechanics in collegiate competitive distance
runners is unclear. Maximal strength has been shown to
improve in distance runners in a concurrent endurance and
strength-training program.11 However, few investigators11

have demonstrated that improvements in strength elicit
alterations in running biomechanics.

Aberrant running mechanics may contribute to running-
related injuries in competitive runners. For instance, greater
knee-joint stiffness has been prospectively associated with
greater injury incidence in recreational runners.12 Greater
joint loading combined with high running mileage increases
the cumulative mechanical stress applied to connective
tissues and may contribute to overuse injury.13 Moreover,
ground reaction force characteristics, such as the peak
vertical loading rate, have been retrospectively linked to
tibial stress fractures in female runners.14 However, the
vertical loading rate has not been prospectively linked to
injury in this population.15,16 Kinematic characteristics may
also contribute to the running-related injury risk. For
example, males with iliotibial (IT) band syndrome (ITBS)
had greater hip internal rotation and knee adduction during
early stance compared with control individuals.4 Therefore,
greater frontal- and transverse-plane knee motion may
contribute to greater IT band stress.

Strength training improves the strength and stiffness of
connective tissue17 and may increase tissue tolerance to
high mechanical loads experienced during running. In a
recent review, Bertelsen et al18 set forth a framework for
the causes of running-related injuries and suggested that
tissue capacity may be a contributing factor. As such,
adding strength training to running programs for distance
runners is beneficial because it may improve tissue capacity
without the need to increase running exposure. Yet whether
maximal strength is associated with running biomechanics
that have previously been linked to injury risk in
competitive distance runners is unclear. Understanding
the role of maximal muscle strength in running biome-
chanics is critical for developing future training regimens
aimed at mitigating lower extremity injuries in competitive
distance runners.

The purpose of our study was to determine the
relationship between lower extremity strength (1-repetition
maximum [1RM] back squat and knee- and hip-extension
maximal voluntary isometric contractions [MVICs]) and
running biomechanics that have been linked to overuse
injury in competitive collegiate distance runners. We
hypothesized that greater lower extremity strength would
be associated with the following running kinematics: lesser

knee-abduction, knee internal-rotation, hip-adduction, and
hip internal-rotation angles and greater forward trunk-lean
and knee-flexion angles. Similarly, we hypothesized that
greater lower extremity strength would be associated with
the following running kinetics: lesser vertical loading rate;
lesser knee-abduction, knee internal-rotation, hip-adduc-
tion, and hip internal-rotation moments; and greater knee-
and hip-extension moments.

METHODS

Experimental Design

We used a cross-sectional design and collected data
during 2 sessions that were conducted in random order and
separated by a 1-week washout period. One session
consisted of assessments of isometric strength and running
biomechanics, and the other session consisted of an
assessment of back-squat strength.

Participants

A total of 36 collegiate distance runners (26 men, 10
women) participated in the study (Table 1). Using an a
priori power analysis (G*Power 3; Heinrich Heine
Universität, Düsseldorf, Germany19), we found that 29
participants would be needed to identify a weak-to-
moderate association via stepwise regression (DR2 ¼ 0.15,
DP¼ .05, b¼ .2, residual variance¼ 0.50) after accounting
for 3 covariates. All participants had a minimum of 6
months of experience in resistance training with the back
squat, no injury in the 2 months before the study, and no
lower extremity surgery in their lifetime. Injury was defined
as missing .1 week of training and not returning to a
minimum of 50% of their previous training volume.20,21 All
participants provided written informed consent, and the
study was approved by the Institutional Review Board of
California State University, Fullerton.

Strength Assessments

One-repetition maximum testing was completed using the
back-squat exercise in a single session according to a
previously established protocol.22 The warm-up protocol
involved 10 repetitions with an unloaded barbell and 5
repetitions at 50%, 4 repetitions at 70%, 1 repetition at
90%, and 1 repetition at 100% of the participant’s estimated
1RM. The test continued with single repetitions until the
participant could not visibly reach 908 of knee flexion,
dropped the weight, or voluntarily terminated the test.
Participants rested 3 minutes between all sets of repetitions,
and the number of attempts was 3 6 1.9.

Maximal knee- and hip-extensor strength of the dominant
limb (ie, preferred limb to kick a ball) was evaluated via
MVICs on an isokinetic dynamometer (HUMAC NORM,
Stroughton, MA). All participants completed a standardized
warm-up protocol consisting of two 5-second submaximal
contractions at 50% and 75% of self-perceived maximal
effort, followed by 1 practice MVIC at 100% effort. All
participants completed 3 MVIC attempts after the warm-up
protocol, received oral encouragement and visual feedback
on the torque output, and rested 30 seconds between
attempts. Knee-extension MVICs were performed with
participants seated and the hip (determined as the trunk
relative to the thigh) and knee flexed to 1108 and 608,
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respectively. Hip-extension MVICs were performed with
participants positioned prone and the hip and knee flexed to
608 and 908, respectively.23 The dynamometer pad was
placed 2 fingerwidths from the medial malleolus and
femoral condyles for the knee- and hip-joint MVICs,
respectively, and the axis of the arm was visually aligned
with the joint center.

Running Biomechanics

Running biomechanics were analyzed after the MVICs
were completed and approximately 10 minutes of rest. The
warm-up consisted of a 10-minute treadmill (Star Trac
model 8TR; Core Health & Fitness, LLC, Vancouver, WA)
run at the participant’s self-selected speed. Participants
wore laboratory-standard neutral-cushion running shoes
(model Pegasus 32; Nike, Inc, Beaverton, OR) and tight-
fitting clothing. Static retroreflective markers were placed
on the first thoracic vertebra and lumbosacral joint and
bilaterally on the iliac crest, anterior-superior iliac spine,
posterior-superior iliac spine, greater trochanter, and
acromioclavicular joints. Unilateral markers were placed
medially and laterally on the femoral condyles and
malleoli, the first and fifth metatarsal heads, and the heel
counter of the dominant limb. Dynamic tracking clusters
containing 4 retroreflective markers were placed on the

thigh, shank, and foot of the dominant limb to track
segment motion. The markers on the first thoracic vertebra,
lumbosacral joint, and acromioclavicular joints were kept
in place to track trunk motion, and markers on the anterior-
superior iliac spine and posterior-superior iliac spine were
kept in place to track the pelvis.23 All lower extremity static
markers except at the heel counter were removed before the
running trials began. All static and dynamic trials were
recorded at 240 Hz by using a Qualisys (Gothenburg,
Sweden) 9-camera motion-capture system.

Participants performed 5 overground practice running
trials on a 20-m runway and through 2 timing gates (model
TF100; TrackTronix, Lenexa, KS) to establish a consistent
self-selected speed. The participants then performed 5 trials
at their self-selected speed (65%), contacting 1 force plate
(Advanced Mechanical Technology, Inc, Watertown, MA)
sampling at 2400 Hz. Trials were recorded if the dominant
foot contacted the plate under each speed condition. Trials
were repeated if the running speed was not within 5% of the
previously established speed, the foot missed the force
plate, or the participant visually changed his or her gait to
contact the force plate.

Data Reduction

The 1RM back squat was also normalized to body mass,
and the maximal weight lifted was used for analysis. The
MVIC torque data were gravity corrected and normalized to
body mass, and the peak torque of the 3 trials was used for
analysis. Marker position and force data were low-pass
filtered at 20 Hz.24 We calculated the hip-joint center as
25% of the distance between greater trochanter markers25

and subsequent joint centers as the center point between the
lateral and medial static markers. Joint angles and moments
were determined using Visual3D software (C-Motion, Inc,
Germantown, MD). Vertical loading rate was computed
using a custom LabView program (National Instruments,
Austin, TX).

Heel contact and toe-off were identified when the vertical
ground reaction force exceeded 20 N and fell below 20 N,
respectively, and indicated the length of the stance phase.
Joint kinematics were computed as the motion of the distal
relative to the proximal segment using the Cardan sequence
of flexion-extension, abduction-adduction, and internal-
external rotation. Trunk angle was calculated as motion of
the trunk segment relative to the global vertical axis. Peak
angles and moments (knee flexion, abduction, and internal
rotation and hip flexion, adduction, and internal rotation)
during the stance phase were extracted for analysis.
Vertical loading rate was defined as the peak derivative
during the first 13% of the stance phase and normalized to
body weight.26 Internal joint moments were determined
using inverse dynamics and were normalized to a product
of body weight and height. We time normalized all
kinematic and kinetic waveforms to 100% of the stance
phase and plotted them as ensemble averages for descrip-
tive purposes (Figures 1 and 2). The foot-strike index27 was
used to quantify the footfall pattern, which may influence
knee and hip biomechanics during running.28 Briefly, the
foot-strike index quantifies the footfall pattern via the
position of the center of pressure at heel contact expressed
as a percentage of the foot-segment length (rearfoot¼ 0%–
33%, midfoot ¼ 33%–67%, forefoot ¼ 67%–100%). Foot-

Table 1. Participants’ Descriptive Statistics

Characteristic No.

Sex, males/females 26/10

Mean

(95% Confidence Interval)

Age, y 20.02 (19.54, 20.51)

Height, m 1.74 (1.71, 1.77)

Mass, kg 61.97 (59.27, 64.67)

Running distance, km/wk 84.56 (79.54, 89.58)

Running speed, m/s 4.12 (4.01, 4.22)

Strength characteristics

Isometric extensor strength, Nm/kg

Knee 3.75 (3.49, 4.01)

Hip 3.00 (2.77, 3.23)

1-Repetition maximum back-squat

strength, BW 1.30 (1.24, 1.36)

Running kinematics, angle8

Peak knee flexion �51.53 (�53.45, �49.62)

Peak knee abduction �3.56 (�4.88, �2.26)

Peak knee internal rotation 5.69 (3.72, 7.67)

Peak hip extension �4.02 (�6.03, �2.01)

Peak hip adduction 11.97 (10.46, 13.47)

Peak hip internal rotation 2.15 (0.03, 4.26)

Trunk lean 13.13 (11.98, 14.29)

Running kinetics

Peak knee moment, BW 3 height

Extensor 0.21 (0.20, 0.22)

Abduction �0.039 (�0.047, �0.033)

Internal rotation 0.042 (0.038, 0.046)

Peak hip moment, BW 3 height

Extensor �0.11 (�0.12, �0.10)

Abduction �0.14 (�0.15, �0.13)

Internal rotation 0.08 (�0.04, 0.20)

Peak vertical loading rate, BW/s 69.46 (64.46, 74.45)

Abbreviation: BW, body weight.
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Figure 1. Ensemble averages and 95% confidence intervals for, A, sagittal-, B, frontal-, and, C, transverse-plane knee kinematics and, D,
sagittal-, E, frontal-, and, F, transverse-plane hip kinematics.

Figure 2. Ensemble averages and 95% confidence intervals for, A, sagittal-, B, frontal-, and, C, transverse-plane internal knee-joint
moments and, D, sagittal-, E, frontal-, and, F, transverse-internal hip-joint moments. Abbreviation: BW, body weight.
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strike index was calculated using a modified foot segment16

and was a continuous variable.

Statistical Analyses

Descriptive statistics (means and standard deviations)
were computed for all outcome variables. Outcomes were
assessed for normality using the Shapiro-Wilk test and via
inspection of skewness and kurtosis (ratio of standard error
to statistic). Outliers were examined using boxplots. We
performed separate forward stepwise linear regression
models to address the unique association between each
strength (predictor) and biomechanical (criterion) outcome
after accounting for sex (male ¼ 0; female ¼ 1), running
speed (m/s), and foot-strike index (%). Covariates were
included because previous research28,29 indicated that
running biomechanics differed between males and females,
forefoot and rearfoot runners, and faster and slower speeds.
Covariates were entered first (step 1), and the strength
variable of interest was entered second. The change in the
coefficient of determination (DR2, DP) from step 1 to step 2
was used to represent the magnitude of association (a¼ .05,
b ¼ .2). All analyses were conducted using SPSS (version
26; IBM Corp, Armonk, NY).

RESULTS

All data were normally distributed, and no outliers were
identified. Descriptive statistics are presented in Table 1;
the sample was predominately male. One participant did
not complete the 1RM back-squat assessment (ie, did not
return for the second session), so the analyses were limited
to 35 participants for this outcome. Similarly, a technical
problem arose for 1 participant during the hip-extension
MVIC, and the analyses were limited to 35 participants for
this outcome. Covariates explained 1.2% to 22.7% of the

variance in the running kinematic variables (Supplemental
Table 1) and 4.75% to 24.7% of the variance in the running
kinetic variables (Supplemental Table 2).

Back-Squat Strength

Greater 1RM back-squat strength was associated with a
larger peak knee-flexion angle (DR2 ¼ 0.110, DP ¼ .045,
total R2 ¼ 0.13), smaller peak knee internal-rotation angle
(DR2¼ 0.127, DP¼ .03, total R2¼ 0.36), and smaller peak
knee internal-rotation moment (DR2¼0.129, DP¼ .03, total
R2 ¼ 0.38) after accounting for sex, speed, and foot-strike
pattern (Table 2). No associations were found between
1RM back-squat strength and hip kinematics or kinetics,
trunk-lean angle, or vertical loading rate (all DP values .
.05).

Isometric Strength

No associations were present between maximal isometric
knee-extension strength and any biomechanical variable
(all DP values . .05; Table 3). Similarly, no associations
were observed between maximal isometric hip-extensor
strength and any running biomechanical variable after
accounting for sex, speed, and foot-strike index (all DP
values . .05; Table 4).

DISCUSSION

The purpose of our study was to determine the
associations between knee- and hip-extensor strength
(1RM back-squat and isometric knee- and hip-extensor
strength) and running biomechanics that have previously
been associated with overuse injuries in competitive
distance runners. The 1RM back squat was used as a
global assessment of lower extremity strength that involves
similar muscles and biomechanics to those involved in
running.30 We selected knee- and hip-extensor isometric

Table 2. Association Between 1-Repetition Maximum Back-Squat

Strength and Running Biomechanics After Accounting for Sex,

Self-Selected Speed, and Foot-Strike Index

Variable

Value

Unstandardized b DR2 DP

Kinematic measure, angle, 8a

Peak

Knee flexion �14.07 0.110 .045b

Knee abduction 2.12 0.006 .65

Knee internal rotation �14.21 0.127 .03b

Hip extension 9.27 0.037 .28

Hip adduction 6.14 0.038 .28

Hip internal rotation 0.04 0.029 .31

Trunk lean �5.70 0.054 .18

Kinetic measurea

Peak moment, BW 3 height

Knee extensor 0.035 0.026 .32

Knee abduction 0.032 0.044 .19

Knee internal rotation 0.014 0.129 .03b

Hip extensor 0.027 0.013 .54

Hip abduction �0.004 0.001 .88

Hip internal rotation 0.015 0.042 .24

Peak vertical loading rate, BW/s �12.831 0.015 .49

Abbreviation: BW, body weight.
a Joint moments are expressed as internal measures.
b DP , .05.

Table 3. Association Between Knee-Extension Maximal Voluntary

Isometric Contraction and Running Biomechanics After Accounting

for Sex, Self-Selected Speed, and Foot-Strike Index

Variable

Value

Unstandardized b DR2 DP

Kinematic measure, angle, 8

Peak

Knee flexion 0.48 0.003 .76

Knee abduction 1.77 0.084 .07

Knee internal rotation �1.64 0.032 .29

Hip extension 0.51 0.002 .78

Hip adduction �0.18 0.001 .89

Hip internal rotation 2.56 0.080 .09

Trunk lean 0.76 0.020 .41

Kinetic measurea

Peak moment, BW 3 height

Knee extensor �0.003 0.003 .75

Knee abduction 0.003 0.008 .56

Knee internal rotation 0.001 0.001 .95

Hip extensor �0.001 0.002 .81

Hip abduction �0.001 0.001 .85

Hip internal rotation 0.001 0.001 .95

Peak vertical loading rate, BW/s �3.461 0.022 .39

Abbreviation: BW, body weight.
a Joint moments are expressed as internal measures.
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strength tests because they are clinical assessments of
strength that are often used to assess distance runners.23 The
primary finding was that greater 1RM back-squat strength
was associated with a larger peak knee-flexion angle,
smaller peak knee internal-rotation angle, and smaller knee
internal-rotation moment after adjusting for sex, running
speed, and foot-strike index. However, 1RM back-squat
strength was not associated with other kinematic variables
or running kinetics. Furthermore, isometric strength was
not associated with running kinematics or kinetics. Finally,
sex, running speed, and foot-strike index were included as
covariates and were associated with a variety of running
kinematics and kinetics. As such, future researchers should
consider these factors when analyzing relationships be-
tween strength and running biomechanics.

We hypothesized that greater 1RM back-squat strength
would be related to greater peak knee-extensor moments
because greater strength may allow runners to produce a
larger torque at the knees during running. Although our
findings did not support this hypothesis, we noted a
relationship between 1RM strength and greater peak
knee-flexion angle during the stance phase. Stronger
runners may be able to use greater knee flexion without
an increased joint moment, thereby creating a more
favorable landing strategy during the early stance phase
of running. Sagittal-plane knee-joint stiffness is derived
from the change in moment divided by the change in angle
and has been prospectively linked to overuse injury in
recreational runners.12 Therefore, less knee flexion may
contribute to additional knee-joint stiffness and may be
partially attributable to lower 1RM back-squat strength.

We also found that greater 1RM back-squat strength was
associated with smaller peak knee internal-rotation angle
and internal-rotation moment. Peak knee internal-rotation
angle and internal-rotation moment are associated with
overuse knee conditions in runners. For example, female

runners with ITBS displayed a larger peak knee internal-
rotation angle than did uninjured controls.31 The IT band
originates on the gluteus maximus and tensor fascia lata
muscles and inserts onto the Gerdy tubercle at the tibia.
Thus, it can assist with rotary and frontal-plane stabilization
of the knee joint,8,32 and gluteus maximus muscle weakness
may contribute to lowest knee-joint stability during
running.

Contrary to our hypothesis, we identified no relationship
between 1RM back-squat strength and hip kinematics or
kinetics during running. The back squat is an exercise used
to target the knee extensors rather than the hip extensors.33

Conversely, the deadlift exercise is hip dominant, and
greater sagittal-plane hip-joint moments and power occur
during the deadlift than during the back squat.33 We found a
substantial proportion of unexplained variance in knee
kinematics despite associations between 1RM back-squat
strength and knee-flexion and internal-rotation angles.
Distance running is a submaximal activity, and maximal
strength may not characterize the task demands. Similarly,
movement velocity is slower during a 1RM back squat than
during running. Other factors, such as muscular endurance
and the rate of force development, may be better indicators
of muscle function during running, and future investigators
should comprehensively evaluate these characteristics.

We also demonstrated no association between any
strength measurement and hip frontal-plane running
biomechanics. Iliotibial band syndrome has been linked to
altered hip frontal-plane kinematics. Ferber et al31 deter-
mined that runners with ITBS had larger peak hip-
adduction angles than uninjured control participants.
Furthermore, the hip-adduction angle has been linked to
other knee-joint injuries, such as patellofemoral pain
syndrome.34 The squat and the isometric hip-extensor tests
used in our study primarily occur in the sagittal plane.
Brund et al35 also observed no relationship between hip-
abductor eccentric strength and frontal-plane hip or knee
kinematics during running. Similarly, the bilateral squat test
and non–weight-bearing isometric test likely do not reflect
the biomechanical demands of running, which is unilateral
and weightbearing.

The discordance in our findings between the 1RM back-
squat and isometric strength assessments may be due to
contraction type. The 1RM back squat uses a dynamic
eccentric muscle action, followed by a concentric muscle
action similar to the muscle-contraction demands during
running. Conversely, isometric strength may not accurately
characterize muscle function during dynamic tasks, such as
running. The back squat is a commonly used exercise for
strengthening the knee and hip extensors in collegiate
distance runners,36 and our results indicated that the 1RM
back squat was associated with favorable knee-joint
kinematics (ie, greater peak flexion angle and smaller peak
internal-rotation angle).

No relationship was evident between strength outcomes
and trunk-lean angle during running, which was contrary to
earlier findings23 of a relationship between greater isomet-
ric hip-extensor strength and a larger forward trunk lean in
recreational runners. The lack of associations in this
investigation may have reflected the experience and
running speed of the participants. Our competitive runners
ran an average of 84.56 km/week at a speed of 4.12 m/s
(collapsed across sex). In contrast, the recreational runners

Table 4. Association Between Hip-Extension Maximal Voluntary

Isometric Contraction and Running Biomechanics After Accounting

for Sex, Self-Selected Speed, and Foot-Strike Index

Variable

Value

Unstandardized b DR2 DP

Kinematic measure, angle, 8

Peak

Knee flexion �2.66 0.098 .08

Knee abduction 0.11 0.001 .91

Knee internal rotation �2.28 0.063 .14

Hip extension 2.54 0.059 .16

Hip adduction 2.26 0.103 .07

Hip internal rotation 0.03 0.024 .34

Trunk lean 0.27 0.003 .77

Kinetic measure, a

Peak moment, BW 3 height

Knee extensor 0.006 0.024 .34

Knee abduction 0.001 0.002 .78

Knee internal rotation 0.001 0.009 .57

Hip extensor 0.004 0.020 .43

Hip abduction 0.006 0.035 .24

Hip internal rotation 0.011 0.009 .53

Peak vertical loading rate, BW/s 1.080 0.003 .75

Abbreviation: BW, body weight.
a Joint moments are expressed as internal measures.

Journal of Athletic Training 1267

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-19 via free access



studied by Teng and Powers23 ran an average of 35 to 37
km/wk and were analyzed at a predetermined speed of 3.4
m/s. Peak trunk-lean angle is altered when runners are
instructed to run at a speed different from their preferred
speed.37 Therefore, the predetermined speed used by Teng
and Powers23 may not have accurately represented the
runners’ preferred trunk-lean angle. Our hypothesis was
based on the work of previous authors38 who identified an
association between greater trunk lean and lower patello-
femoral contact stress. However, excessive trunk lean may
be detrimental to performance and optimal running
mechanics, and an optimal trunk lean angle is unknown
and should be addressed in future research.

The weak associations between strength and running
biomechanics should not detract from other benefits of
strength training for collegiate distance runners. Improve-
ments in force-production capabilities of the propulsive
muscles (hip and knee extensors and plantar flexors)
improve tissue tolerance to mechanical loading17 and
performance in competition.39 Bertelsen et al18 suggested
that injury occurs after the load capacity of a runner is
exceeded. Strength training may be an intervention to
increase runners’ capacity and reduce their future injury
risk.18 Moreover, weight training contributes to large
improvements in performance, and the benefits are more
profound for well-trained than recreational athletes.39 In a
recent meta-analysis, Trowell et al11 indicated that strength
training in runners contributed to minimal adaptations in
running biomechanics but did improve knee-extensor,
knee-flexor, and plantar-flexor strength. In another meta-
analysis, Lum and Barbosa39 showed that strength training
was associated with faster performances in Olympic time-
based sports. Future authors need to examine the associ-
ations between other metrics of muscle function (eg,
muscular endurance, fatigability, and the rate of force
development) and running biomechanics.

Limitations should be considered when interpreting the
results of our study. First, the population was predomi-
nately male, and running biomechanics may differ by sex.29

However, to account for the unequal sex distribution, sex
was a covariate in the regression analyses. Second, our
collegiate distance runners were not analyzed at the same
point within their competitive seasons. Most runners were
analyzed during the offseason and preseason phase for
either cross-country or track and field. Thus, the preparation
stage and strength-training schedule may have influenced
strength capacity. Third, the foot segment we used in our
biomechanical analyses resulted in a truncated foot because
the distal endpoint was represented by the midpoint of the
first and fifth metatarsal markers. Consequently, foot-strike
index values can exceed 100%, and the dichotomous
classification of runners into footfall pattern categories (ie,
rearfoot, midfoot, and forefoot) may not be accurate.
Hence, we used the foot-strike index as a continuous
variable (%), for which a larger value still represents more
of a forefoot than rearfoot position at ground contact.
Fourth, we chose the back squat as an assessment of overall
lower body strength; it may not reflect performance of all
exercises (eg, deadlift) included in a distance-runner’s
strength-training program. Future researchers should inves-
tigate the association between alternative strength-training
exercises and distance-running biomechanics. Fifth, the
runners were free of injury within the 2 months before

testing; however, 4 participants reported a history of stress
fracture, and 15 participants described various soft tissue
injuries in the year before the study, which may have
influenced running biomechanics.14 Nevertheless, it would
be impractical to recruit collegiate distance runners with no
history of injury given the high incidence of running-related
injuries.

CONCLUSIONS

Greater 1RM back-squat strength was weakly associated
with a larger peak knee-flexion angle, smaller peak knee
internal-rotation angle, and smaller peak knee internal-
rotation moment in collegiate distance runners. Conversely,
maximal knee- and hip-extensor isometric strength was not
associated with any running biomechanical variable.
Maximal strength was not strongly related to distance-
running biomechanics. However, strength may play a
greater role in overall performance and tissue resilience
in collegiate distance runners.

REFERENCES

1. NCAA sports sponsorship and participation rates database. National

Collegiate Athletic Association Web site. http://www.ncaa.org/

about/resources/research/ncaa-sports-sponsorship-and-participation-

rates-database. Published November 2019. Accessed July 20, 2020.

2. Kerr ZY, Kroshus E, Grant J, et al. Epidemiology of National

Collegiate Athletic Association men’s and women’s cross-country

injuries, 2009–2010 through 2013–2014. J Athl Train.

2016;51(1):57–64. doi: 10.4085/1062-6050-51.1.10

3. Mucha MD, Caldwell W, Schlueter EL, Walters C, Hassen A. Hip

abductor strength and lower extremity running related injury in

distance runners: a systematic review. J Sci Med Sport.

2017;20(4):349–355. doi: 10.1016/j.jsams.2016.09.002

4. Noehren B, Schmitz A, Hempel R, Westlake C, Black W.

Assessment of strength, flexibility, and running mechanics in men

with iliotibial band syndrome. J Orthop Sports Phys Ther.

2014;44(3):217–222. doi: 10.2519/jospt.2014.4991

5. Blagrove RC, Brown N, Howatson G, Hayes PR. Strength and

conditioning habits of competitive distance runners. J Strength

Cond Res. 2020;34(5):1392–1399. doi: 10.1519/JSC.000000000000

2261

6. Li F, Wang R, Newton RU, Sutton D, Shi Y, Ding H. Effects of

complex training versus heavy resistance training on neuromuscular

adaptation, running economy and 5-km performance in well-trained

distance runners. PeerJ. 2019;7:e6787. doi: 10.7717/peerj.6787

7. Krabak BJ, Tenforde AS, Davis IS, et al. youth distance running:

strategies for training and injury reduction. Curr Sports Med Rep.

2019;18(2):53–59. doi: 10.1249/JSR.0000000000000564

8. Schoenfeld BJ. Squatting kinematics and kinetics and their

application to exercise performance. J Strength Cond Res.

2010;24(12):3497–3506. doi: 10.1519/JSC.0b013e3181bac2d7

9. Duffey MJ, Martin DF, Cannon DW, Craven T, Messier SP.

Etiologic factors associated with anterior knee pain in distance

runners. Med Sci Sports Exerc. 2000;32(11):1825–1832. doi: 10.

1097/00005768-200011000-00003

10. Snyder KR, Earl JE, O’Connor KM, Ebersole KT. Resistance

training is accompanied by increases in hip strength and changes in

lower extremity biomechanics during running. Clin Biomech

(Bristol, Avon). 2009;24(1):26–34. doi: 10.1016/j.clinbiomech.

2008.09.009

11. Trowell D, Vicenzino B, Saunders N, Fox A, Bonacci J. Effect of

strength training on biomechanical and neuromuscular variables in

distance runners: a systematic review and meta-analysis. Sports

Med. 2020;50(1):133–150. doi: 10.1007/s40279-019-01184-9

1268 Volume 55 � Number 12 � December 2020

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-19 via free access



12. Messier SP, Martin DF, Mihalko SL, et al. A 2-year prospective

cohort study of overuse running injuries: the Runners and Injury

Longitudinal Study (TRAILS). Am J Sports Med. 2018;46(9):2211–

2221. doi: 10.1177/0363546518773755

13. Hreljac A. Impact and overuse injuries in runners. Med Sci Sports

Exerc. 2004;36(5):845–849. doi: 10.1249/01.mss.0000126803.

66636.dd

14. Milner CE, Ferber R, Pollard CD, Hamill J, Davis IS. Biomechan-

ical factors associated with tibial stress fracture in female runners.

Med Sci Sports Exerc. 2006;38(2):323–328. doi: 10.1249/01.mss.

0000183477.75808.92

15. Dudley RI, Pamukoff DN, Lynn SK, Kersey RD, Noffal GJ. A

prospective comparison of lower extremity kinematics and kinetics

between injured and non-injured collegiate cross country runners.

Hum Mov Sci. 2017;52:197–202. doi: 10.1016/j.humov.2017.02.007

16. Kuhman DJ, Paquette MR, Peel SA, Melcher DA. Comparison of

ankle kinematics and ground reaction forces between prospectively

injured and uninjured collegiate cross country runners. Hum Mov

Sci. 2016;47:9–15. doi: 10.1016/j.humov.2016.01.013

17. Bohm S, Mersmann F, Arampatzis A. Human tendon adaptation in

response to mechanical loading: a systematic review and meta-

analysis of exercise intervention studies on healthy adults. Sports

Med Open. 2015;1(1):7. doi: 10.1186/s40798-015-0009-9

18. Bertelsen ML, Hulme A, Petersen J, et al. A framework for the

etiology of running-related injuries. Scand J Med Sci Sports.

2017;27(11):1170–1180. doi: 10.1111/sms.12883

19. Faul F, Erdfelder E, Buchner A, Lang A-G. Statistical power

analyses using G*Power 3.1: tests for correlation and regression

analyses. Behav Res Methods. 2009;41:1149–1160. doi: 10.3758/

BRM.41.4.1149

20. Pamukoff DN, Blackburn JT. Comparison of plantar flexor

musculotendinous stiffness, geometry, and architecture in male

runners with and without a history of tibial stress fracture. J Appl

Biomech. 2015;31(1):41–47. doi: 10.1123/jab.2014-0127

21. Yamato TP, Saragiotto BT, Lopes AD. A consensus definition of

running-related injury in recreational runners: a modified Delphi

approach. J Orthop Sports Phys Ther. 2015;45(5):375–380. doi: 10.

2519/jospt.2015.5741

22. McBride JM, Blow D, Kirby TJ, Haines TL, Dayne AM, Triplett

NT. Relationship between maximal squat strength and five, ten, and

forty yard sprint times. J Strength Cond Res. 2009;23(6):1633–

1636. doi: 10.1519/JSC.0b013e3181b2b8aa

23. Teng HL, Powers CM. Hip-extensor strength, trunk posture, and use

of the knee-extensor muscles during running. J Athl Train.

2016;51(7):519–524. doi: 10.4085/1062-6050-51.8.05

24. Mai P, Willwacher S. Effects of low-pass filter combinations on

lower extremity joint moments in distance running. J Biomech.

2019;95:109311. doi: 10.1016/j.jbiomech.2019.08.005

25. Weinhandl JT, O’Connor KM. Assessment of a greater trochanter-

based method of locating the hip joint center. J Biomech.

2010;43(13):2633–2636. doi: 10.1016/j.jbiomech.2010.05.023

26. Samaan CD, Rainbow MJ, Davis IS. Reduction in ground reaction

force variables with instructed barefoot running. J Sport Health Sci.

2014;3(2):143–151. doi: 10.1016/j.jshs.2014.03.006

27. Altman AR, Davis IS. A kinematic method for footstrike pattern

detection in barefoot and shod runners. Gait Posture.

2012;35(2):298–300. doi: 10.1016/j.gaitpost.2011.09.104

28. Almeida MO, Davis IS, Lopes AD. Biomechanical differences of

foot-strike patterns during running: a systematic review with meta-

analysis. J Orthop Sports Phys Ther. 2015;45(10):738–755. doi: 10.

2519/jospt.2015.6019

29. Boyer KA, Freedman Silvernail J, Hamill J. Age and sex influences

on running mechanics and coordination variability. J Sports Sci.

2017;35(22):2225–2231. doi: 10.1080/02640414.2016.1265139

30. Escamilla RF, Fleisig GS, Zheng N, et al. Effects of technique

variations on knee biomechanics during the squat and leg press.

Med Sci Sports Exerc. 2001;33(9):1552–1566. doi: 10.1097/

00005768-200109000-00020

31. Ferber R, Noehren B, Hamill J, Davis IS. Competitive female

runners with a history of iliotibial band syndrome demonstrate

atypical hip and knee kinematics. J Orthop Sports Phys Ther.

2010;40(2):52–58. doi: 10.2519/jospt.2010.3028

32. Terry GC, Hughston JC, Norwood LA. The anatomy of the

iliopatellar band and iliotibial tract. Am J Sports Med.

1986;14(1):39–45. doi: 10.1177/036354658601400108

33. Choe KH, Coburn JW, Costa PB, Pamukoff DN. Hip and knee

kinetics during a back squat and deadlift. J Strength Cond Res.

Published online October 17, 2018. doi:10.1519/JSC.00000000

00002908.

34. Esculier JF, Roy JS, Bouyer LJ. Lower limb control and strength in

runners with and without patellofemoral pain syndrome. Gait

Posture. 2015;41(3):813–819. doi: 10.1016/j.gaitpost.2015.02.020

35. Brund RBK, Rasmussen S, Nielsen RO, Kersting UG, Laessoe U,

Voigt M. The association between eccentric hip abduction strength

and hip and knee angular movements in recreational male runners:

an explorative study. Scand J Med Sports. 2018;28(2):473–478. doi:

10.1111/sms.12923

36. Beattie K, Carson BP, Lyons M, Rossiter A, Kenny IC. The effect

of strength training on performance indicators in distance runners. J

Strength Cond Res. 2017;31(1):9–23. doi: 10.1519/JSC.00000000

00001464

37. Fisher D, Louw Q, Cockcroft J, Tawa N. Three-dimensional

kinematics of the thorax during over-ground running. J Bodyw Mov

Ther. 2018;22(2):300–307. doi: 10.1016/j.jbmt.2017.08.003

38. Teng HL, Powers CM. Sagittal plane trunk posture influences

patellofemoral joint stress during running. J Orthop Sports Phys

Ther. 2014;44(10):785–792. doi: 10.2519/jospt.2014.5249

39. Lum D, Barbosa TM. Effects of strength training on Olympic time-

based sport performance: a systematic review and meta-analysis of

randomized controlled trials. Int J Sports Physiol Perform. October

2019:1–13. doi: 10.1123/ijspp.2019-0329

Address correspondence to Derek N. Pamukoff, PhD, Department of Kinesiology, California State University, Fullerton, 800 North
State College Boulevard, KHS 222, Fullerton, CA 92831. Address email to dpamukoff@fullerton.edu.

Journal of Athletic Training 1269

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-19 via free access


