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Background

An estimated 56% of recreational runners sustain a running-related injury related to the
high impact forces in running. Increasing step frequency (cadence) while maintaining a
consistent speed has been shown to be an effective way to lower impact forces which may
reduce injury risk.

Purpose

To examine effects of increased cadence on peak impact force during running in an
outdoor setting. It was hypothesized that as cadence increases, peak force would
decrease.

Study Design

Repeated measures, quasi-experimental

Methods

Peak force and cadence measurements were collected from 15 recreational runners (8
females, 7 males) during two 2.4-mile outdoor runs. Peak force was measured using an
insole-based load measuring device. Baseline session run was completed at participant’s
naturally preferred cadence and cadence session run was completed at a cadence targeted
to be 10% greater than baseline. Pace was monitored with a GPS watch. Cadence was cued
by an auditory metronome and measured with both GPS watch and insoles.
Repeated-measures ANOVA’s examined the differences in average peak force,
GPS-reported cadence, and insole-reported cadence between mile 1 and mile 2, and
across the two cadence conditions.

Results

Cadence differences of 7.3% were observed between baseline and cadence sessions
(p<0.001). A concurrent decrease in average peak force of 5.6% was demonstrated during
the cadence run (p<0.05). Average cadences measured by GPS watch and insoles were
found to be the same at both baseline (p=0.096) and during cadence (p=0.352) sessions.

Conclusion

Increasing cadence by an average of 7% in an outdoor setting resulted in a decrease in
peak force at two different time points during a 2.4-mile run. Furthermore, using a
metronome for in-field cadence manipulation led to a change in cadence. This suggests
that a metronome may be an effective tool to manipulate cadence for the purpose of
decreasing peak impact force in an outdoor setting.
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INTRODUCTION

Within the U.S., the number of people running for exercise
has dramatically increased over the past couple of decades.
In 1990, five million people annually were reported to com-
plete a road race. Nearly 30 years later, that number has
reported to be 17.9 million.! While this increase in recre-
ational running has obvious health and wellness benefits for
the general population, the relative risk of sustaining a run-
ning-related injury (RRI) should be considered. Lower ex-
tremity RRIs occur in an estimated 56% of recreational run-
ners, with some suggesting this to be as high as 80%.%3
Since RRIs are so prevalent, it is important to consider
which factors may influence risk. While there have been a
variety of proposed mechanisms for RRIs, high impact load-
ing is often considered to be a factor. Davis, Bowser and
Mullineaux?* examined 240 runners over a two-year period
and reported that impact loads were greater in those run-
ners who experienced an RRI compared to non-injured run-
ners. They subsequently recommended that interventions
aimed at decreasing the impact loads may be an effective
strategy for reducing injury.# In a systematic review by van
der Worp, Vrielink and Bredeweg,> 18 studies were reviewed
and showed that runners with higher loading rates were
more likely to have injuries than those with lower rates.
Impact loads may play a large role in many RRIs; there-
fore, many clinicians and researchers have shifted their fo-
cus to remedies for reducing impact and loading rate as a
form of injury prevention or to assist in return to running
following injury. One method to alter such impact forces is
to increase cadence. Increasing cadence while maintaining
a consistent pace has been reported to be an effective way
to immediately lower impact, thus reducing injury risk.6-8
Many studies to date have primarily been conducted in
a controlled, laboratory setting utilizing motorized tread-
mills. While treadmills have been shown to produce bio-
mechanically similar running patterns, they have the po-
tential for changing spatiotemporal patterns.” Tao, et al.10
reported an increased cadence, and decreased stance and
swing time duration, when running on a level or inclined
treadmill compared to running outdoors. In addition, out-
door running may produce notable variations in pace, ca-
dence, and/or stride length during distance running events,
as opposed to the constant pace imposed by the use of a
treadmill.!! Therefore, to examine the efficacy of cadence
manipulation used for recreational running in an etiologi-
cally valid scenario, how cadence influences impact forces
should be evaluated within a natural outdoor running envi-
ronment.
To produce a change in spatiotemporal gait parameters,
a runner will require a feedback strategy to prompt an in-
crease in cadence. The methods for administering such
feedback include the use of concurrent (provided during a
task) and terminal (provided at conclusion of task) feed-
back.12 According to Broker, et al.,!3 concurrent feedback
is most effective for cyclical activities such as running and
cycling. Such feedback, when provided in an auditory man-

ner, produces the most desirable change in performance
when provided immediately after the same event in each cy-
cle of movement.!3:14 In other words, to promote immedi-
ate change in running performance, an auditory stimulus
should be given for each step taken. Additionally, alterna-
tive forms of concurrent feedback such as a visual stim-
ulus are not feasible to provide to a runner in an open,
outdoor environment. Previous studies utilizing an audio
metronome in a laboratory environment have demon-
strated changes to cadence in runners with the use of an ex-
ternal auditory cue.®7 This simple feedback cue would be
compatible for delivery by a wearable portable device such
as a watch or smartphone used outdoors.

The purpose of this study was to examine the effects of
increased cadence on peak impact force in an outdoor set-
ting. It was hypothesized that an increased cadence would
decrease peak ground reaction force. A secondary aim of
this study was to explore the feasibility of using an auditory
metronome as a stimulus cue to increase cadence during an
outdoor run.

METHODS
STUDY DESIGN

This study utilized a repeated measures design, conducted
on 15 recreational runners. Data were collected over a pe-
riod of five weeks. The study protocol was approved by the
University of Wisconsin-La Crosse Institutional Review
Board and all participants provided informed consent prior
to participation.

PARTICIPANTS

Fifteen male and female adult recreational runners were re-
cruited for the study using convenience sampling of univer-
sity students. Participants were recreational runners that
ran an average of 14.8 * 8.4 miles/week. The study excluded
participants who reported a lower extremity injury in the
prior three months, a history of lower extremity surgery,
current lower extremity pain during running, or presence of
a medical pathology that would cause difficulty running for
up to one hour.

INSTRUMENTS

Loadsol insole sensors (novel gmbh, Munich, Germany)
were placed inside each participant’s typical running shoes
bilaterally to measure peak force in Newtons (N).15 Peak
force data were collected at 100 Hz and transmitted through
Bluetooth connection to a 6th generation iPod Touch (Ap-
ple, California, USA) using the pedoped Loadsol application
(Version 1.4.72, novel gmbh, Munich, Germany). The Load-
sol insoles have been shown to yield comparable peak force
data compared to an instrumented treadmill for running
(ICCs: 0.78-0.92) and reliable between sessions (ICCs:
0.88-0.93).16 Burns, et al.17 showed equally compelling data
in support of Loadsol use to measure ground reaction forces
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by comparisons to hopping, walking and running on a force
platform and an instrumented treadmill.

A Garmin Forerunner 25 GPS watch with Garmin Con-
nect app (Version 4.5.1, Garmin International Inc., Olathe,
KS) was used to determine running pace and cadence. Simi-
lar types of Garmin watches with GPS technology were val-
idated as a measure of distance (absolute percent error:
0.74%) and as a reliable measure of cadence (ICC: 0.93).18,19
The MetroTimer app (Version 3.3.2, ONYX Apps, United
States) was used on the iPod Touch to provide auditory ca-
dence cueing. Body mass measurements were taken using a
digital scale.

PROCEDURE

Participants completed a questionnaire to collect training/
injury history and were then weighed. Participants were
given up to 10 minutes to perform their self-selected warm
up routine consisting of stretching and a short run no more
than 0.25 mile. Following this warm up, Loadsol sensor in-
soles, GPS watch, and running belt containing iPod Touch
were fitted for the participant. Loadsol sensor insoles were
placed bilaterally in each participant’s typical running
shoes and then calibrated following the manufacturer’s
guidelines using the Loadsol application on the iPod touch.
Calibration was completed following the procedure previ-
ously outlined by Peebles, et al.20 A quarter mile, warm
up jog was then conducted to provide acclimation to this
equipment.

Participants completed two separate 2.4-mile distance
runs (“baseline” and “cadence” sessions) approximately one
week apart. The selected road course was a straight stretch
void of turns, with minimal elevation change (<20 feet), and
minimal traffic. During a single run, participants ran 1.2
miles out, immediately turned around, and completed the
same distance back to the starting point. This minimized
the amount of turns on the straight, flat road available. The
2.4 mile distance was chosen for the run to allow for a com-
parison of miles 1 and 2 over time and to accommodate the
acceleration up to a steady pace and acclimation to the au-
ditory metronome cues.

For the baseline session, participants were instructed to
run at a consistent, self-selected comfortable pace that they
could maintain for up to an hour. The metronome was
turned off for this run and no mention of running cadence
was given to ensure that the run was completed at their typ-
ical cadence. Participants were given a GPS watch to mon-
itor pace during this run. After the baseline session com-
pletion, cadence and pace data were gathered from the GPS
watch to be utilized for setting up parameters for the ca-
dence session scenario on a different day. Cadence and peak
force data were collected from insoles. Based on previous
treadmill cadence research, a 10% increase in cadence over
individual baselines was used as the target for the cadence
session scenario.%’

The cadence session was conducted within ten days of
the baseline session to decrease the potential for training or
fatigue effects. Participants were told to continue their nor-
mal training regimen between these sessions. Shoes, warm
up time, and calibration procedures were consistent with
their baseline session. The 10% increase in cadence was im-

plemented using the MetroTimer metronome app on iPod
Touch for the duration of the cadence session without an
earbud or headphone on a quiet running course. Partici-
pants were reminded of their baseline pace and instructed
to maintain that pace with use of GPS watch while also
maintaining target cadence based on the metronome audio
cues. A quarter mile jog was again provided to allow accli-
mation to the running pace and metronome cadence before
beginning the session. Cadence was measured via both GPS
watch and Loadsol insoles and examined at a later date.

DATA MANAGEMENT AND ANALYSIS

Peak force data were extracted from 20 right foot steps sur-
rounding each quarter-mile increment and averaged, pro-
ducing a total of eight force time series curves of the right
stance phase during each run. Cadence was determined
from insole data by obtaining right insole the peak-to-peak
timing of the vGRF over the 20 steps for each quarter-mile
increment and was reported as steps/minute (SPM). Since
cadence is based typically on right and left foot contacts and
only the right foot data were extracted for analysis, these
times were divided by 2. Similarly, peak forces were ex-
pressed in body weight (BW) for only these right steps. Peak
force and insole cadence data were collapsed to an aver-
age over mile 1 and mile 2 separately for both baseline and
cadence sessions. These data were analyzed in IBM SPSS
Statistics version 25 (Armonk, NY, USA). To examine dif-
ferences in average peak force, a repeated measures 2x2
ANOVA was performed on session (baseline, cadence ses-
sions) and distance (mile 1, mile 2) (alpha was set to 0.05).
An additional 2x2 ANOVA was performed on session (base-
line, cadence sessions) and distance (mile 1, mile 2) vari-
ables to examine differences in insole-reported cadence. A
third repeated measures ANOVA was performed on session
(baseline, cadence sessions) and device (Insoles, GPS watch)
to identify any differences between the two devices. Post
hoc testing was performed using Bonferroni correction.

RESULTS

Fifteen participants (8 females, 7 males) with a mean age
of 23.5 years (range 22-26) completed both baseline and ca-
dence sessions. The reported average weekly mileage was
16.5 miles. A repeated measures ANOVA revealed a 5.6%
decrease in average peak force after cadence manipulation
when compared to baseline (p<0.05) (Figure 1). Peak force
decreases were found to have medium effect size (Cohen’s
d=0.56) (Table 1). During both the baseline and cadence
session runs there was no difference in peak force during
the first mile compared to the second mile (p=0.202) and
no interaction effect found between session and distance
(p=0.13).

Mean and 95% Confidence Intervals for average cadence
expressed in steps per minute (SPM) on one lower extremity
throughout Mile 1 and Mile 2 for both Baseline and Cadence
Tests during outdoor running.

Results from the two-way ANOVA demonstrated insole-
measured cadence increased 7.3% from baseline to cadence
sessions (p<0.001) (Figure 2). The effect size for the cadence
increase was high (Cohen’s d=1.24) (Table 2). Average ca-
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Table 1. Descriptive Statistics and ANOVA results for Insole-measured Cadence

Mean (SPM)

SD (SPM) p-value Effect Size (Cohen's d)

82.94
89.03

Baseline test
Time
Cadence test

44
433

0.000 1.24

Mile 1
Mile 2

86.27

Distance 85.71

4.26

4.34 0.032

0.13

SPM-= unilateral steps per minute

dence was found to decrease from mile 1 to mile 2 by 0.56
steps per minute (p=0.032). However, there was no interac-
tion effect found between session and distance (p=0.597).

Mean and 95% Confidence Intervals for peak vertical
ground reaction force (VGRF) expressed in multiples of
bodyweight (BW) between Mile 1 and Mile 2 for Baseline
and Cadence Tests during outdoor running.

When comparing the average cadence measured by the
insoles against the cadence measured by the GPS watch, the
two-way ANOVA results revealed no difference in measure-
ment between the devices (p=0.096), yet an overall increase
in average cadence remained between sessions (p<0.001),
confirming that both devices were able to detect a similar
percent change in cadence from baseline to cadence ses-
sions (Figure 3) (Table 3). No interaction effect was deter-
mined between session and distance (p=0.928).

Mean and 95% Confidence Intervals for average cadence
expressed in steps per minute (SPM) on one lower extremity
throughout Baseline and Cadence Tests. Data compared ca-
dence measured between Garmin GPS watch (Watch) and
Loadsol insole sensors (Insole) during outdoor running.

DISCUSSION

The purpose of this study was twofold: 1) to determine the
effect of cadence modification on peak impact force during
an outdoor run, and 2) to examine the immediate response
and magnitude of cadence modification through the use of
a metronome as an auditory stimulus during a second ses-
sion. It was hypothesized that as cadence increased, peak
impact forces would decrease. It was additionally hypothe-
sized that use of a metronome would produce a higher ca-
dence during the run.

In support of these hypotheses, participants demon-
strated a substantial increase in cadence by 7.3% using a
metronome for outdoor running with a concurrent decrease
in average peak impact force by 5.6%. One possible expla-
nation for this change in lower extremity impact could be
due to a change in foot strike pattern that may occur from
the manipulation of the spatiotemporal factors associated
with gait, however this was not directly measured or quan-
tified. Increasing cadence has been shown to promote a
change from a rearfoot strike pattern to a mid- or forefoot
strike, which may result in decreased vertical loading be-
tween 0.3-1.3 body weights (BW).2122 A change from rear-
foot to forefoot strike may have other beneficial effects in-
cluding decreasing knee joint contact forces by an average
of 1.2 BW23 and decreasing patellofemoral joint stress by an

100
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Unilateral Cadence (SPM)

75

70

Baseline Cadence

u Mile 1 = Mile 2

Figure 1. Mean and 95% Confidence Intervals for
average cadence expressed in steps per minute
(SPM) on one lower extremity throughout Mile 1
and Mile 2 for both Baseline and Cadence Tests
during outdoor running
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Figure 2. Mean and 95% Confidence Intervals for
peak vertical ground reaction force (vGRF)
expressed in multiples of bodyweight (BW) between
Mile 1 and Mile 2 for Baseline and Cadence Tests
during outdoor running

average of 27%.24 However, a forefoot strike may increase
stress and loading at the Achilles tendon, ankle, and plantar
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Table 2. Descriptive Statistics and ANOVA results for Peak GRF

Mean (BW) SD (BW) p-value Effect Size (Cohen's d)
Baseline test 2.539 0.267
Time 0.029 0.56
Cadence test 2.396 0.214
Mile 1 2484 0.222
Distance Mile 2 2451 0.229 0.202 0.146

GRF = ground reaction force, BW= peak force normalized by multiples of individual body weight

Table 3. Descriptive Statistics and ANOVA results for Cadence between GPS and Insole

Mean (SPM) SD (SPM) p-value

Effect Size (Cohen's d)

Baseline test 82.75 4.35

Time 0.000

1.43

Cadence test 88.81

4.11

85.99
85.57

Insole

Device Watch

4.28

412 0.067

0.08

Watch= Garmin GPS watch, Insole= Loadsol insole sensor, SPM= unilateral steps per minute

surface of the foot.25-27 Therefore, the benefits of changing
foot strike pattern may need to be considered alongside the
potential negative effects when implementing a gait modi-
fication technique.

Because of the maintained running speed between con-
ditions, these findings may also be partially explained by
the relationship between cadence and stride length in run-
ning. Since running speed is a product of cadence and stride
length, an appreciable change in cadence at a constant run-
ning speed should result in a proportional reduction in
stride length as a typical change.2? Specifically, decreasing
a runner’s stride length by 10% has been reported to have
beneficial effects on knee kinetics, including decreased con-
tact forces at the patellofemoral joint by an average of
14.9%, decreased loading rate by 13%, and decreased im-
pulse per kilometer by 4.5%.28:29

Participants in this study were asked to increase cadence
by 10% and, on average, were able to achieve approximately
7% above their preferred. Yet, this change was sufficient to
produce a decrease in peak impact force between cadence
conditions. The results of this study support data reported
by Heiderscheit, et al.,® where both 5% and 10% increases in
cadence decreased energy absorption required at the knee
by approximately 20% and 40%, respectively, as well as de-
creased energy absorbed at the hip (by ~57%) with 10% in-
crease in cadence. Other studies suggest comparable bene-
fits at the patellofemoral joint, with an average of 14% lower
contact forces,” and at the foot, with a decrease in over-
all plantar loading between 2.4-8.0%.26 Similarly, Willy, et
al.30 described changes in multiple lower extremity loading
variables at just 7.5% increase in cadence. These changes
included a decrease in average vertical loading rate by 17.9%
as well as instantaneous vertical loading rate by 18.9%.30
In contrast, Hobara, et al.3! reported a minimum of 15%
increase in cadence to produce changes in lower extremity
loading variables such as vertical loading rate and vertical
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Figure 3. Mean and 95% Confidence Intervals for
average cadence expressed in steps per minute
(SPM) on one lower extremity throughout Baseline
and Cadence Tests. Data compared cadence
measured between Garmin GPS watch (Watch) and
Loadsol insole sensors (Insole) during outdoor
running

impact peak. However, some have suggested increases
above 10% may not be necessary to produce the desired
lower extremity benefits and may negatively increase per-
ceived exertion and metabolic cost during running.630

The results demonstrated in the current study may have
implications for using cadence modifications to reduce peak
impact force as well as promote the suggested benefits on
other lower extremity loading variables during an outdoor
run. Previous studies had suggested high impact forces are
associated with development of common RRIs, such as me-
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dial tibial stress syndrome,32-33 Achilles tendinopathy,33,34
plantar fasciitis,3335 and patellofemoral pain syn-
drome.33:36 However, a prospective study by Szymanek, et
al.37 discovered no association between a runner’s preferred
cadence and development of lower extremity overuse in-
juries. Additionally, a recent meta-analysis by Vannatta, et
al.38 reported a conflicting association between peak impact
force and RRIs. In the same study, they reported limited ev-
idence relating decreased step rate to increased risk of shin-
related injuries.3® Further investigation into the use of ca-
dence modification for the treatment or prevention of pain
and RRIs appears to be warranted as was suggested in their
review.

Altering patient cadence with the goal of reducing im-
pact forces may be feasibly accomplished in a clinical set-
ting using a treadmill.®~8 The results of the present study
demonstrate that similar cadence modifications can be fea-
sibly implemented within an outdoor setting with the use
of wearable technology and metronome feedback. Cadence
measured through the GPS watch device was similar to the
insole-measured cadence, indicating this commercially
available technology may provide an effective method for
measuring running cadence during indoor or outdoor gait
retraining. This may open opportunities to provide running
with cadence training protocols to be used in an outdoor
running environment. This may also be a beneficial adjunct
to training for military personnel where it has been re-
ported that 25% of male and 50% of female military recruits
suffer an injury related to their training, with 60-80% of
those injuries being considered an overuse lower extremity
injury.3? Since much of military training is completed in an
outdoor setting, use of a metronome and GPS watch may
provide a feasible alternative for in-field feedback and cue-
ing of cadence.

LIMITATIONS

This study had several limitations that may affect the in-
terpretation of the findings presented here. First, the study
was performed on only healthy runners who did not have
a history of lower extremity injuries. Therefore, these re-
sults should not be considered to be representative of an in-
jured running population. Further studies should examine
if injured runners behave in a similar manner for cadence
training in an outdoor setting. Second, although every at-
tempt was made to control many of the elements in our
outdoor setting, certain environmental variables were sub-

ject to change between baseline and cadence session pro-
cedures such as wind speed, temperature, and amount of
vehicle traffic. These variables, even when minimized, may
have an effect on the within-subject changes that were re-
ported here. Third, the study consisted of an intervention
performed with a small sample size of only 15 participants
which may limit the power of statistical inferences. Further
studies should include a greater number of participants to
replicate these findings. Finally, while not a direct aim of
this study, there was no long-term assessment of cadence
retention without GPS watch and metronome use. There-
fore, it is unknown whether these acute changes in cadence
shown here through use of a metronome would be retained.
However, Willy, et al.30 suggested maintenance of increased
step frequency may be effective for a 30-day duration. De-
spite this, future research should examine for retention of
cadence modifications over an extended period, as well as
the potential for use of a fading feedback schedule, to pro-
mote long-term changes without reliance on concurrent
feedback.

CONCLUSION

Using a metronome to increase cadence in an outdoor set-
ting may be an effective way to reduce impact forces during
running in an outdoor setting. Furthermore, using wearable
technology that can provide cadence feedback via auditory
cues may produce changes to cadence outside of the lab.
Participants were immediately able to make a 7% average
increase in cadence within one session using a metronome,
suggesting that this may be an effective tool for manipulat-
ing cadence during outdoor running. While further research
is indicated to examine the cadence effects on RRI inci-
dence and for “in the field” training, these findings demon-
strate a possibility for cadence alterations to be feasible in
outdoor settings.
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