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Abstract
Purpose  We investigated the influence of a change in stride frequency on physiological and perceptual responses during 
forward and backward running at different body weight support (BWS) levels.
Methods  Participants ran forward and backward at 0% BWS, 20% BWS, and 50% BWS conditions on a lower body positive 
pressure treadmill. The stride frequency conditions consisted of forward and backward running at preferred stride frequency 
(PSF), PSF + 10%, and PSF-10%. We measured oxygen uptake ( V̇O2), carbon dioxide production, heart rate (HR), muscle 
activity from the lower extremity, and rating of perceived exertion (RPE). Furthermore, we calculated the metabolic cost 
of transport (CoT).
Results  V̇O2, HR, CoT, and muscle activity from the rectus femoris were significantly different between stride frequency 
conditions (P < 0.05). V̇O2, HR, and CoT during running at PSF + 10% were significantly higher than when running at PSF, 
regardless of running direction and BWS (P < 0.05). However, RPE was not different between stride frequency conditions 
(P > 0.05: e.g., 12.8–13.8 rankings in RPE for backward running at 0% BWS).
Conclusions  Manipulation of stride frequency during running may have a greater impact on physiological responses than 
on perceptual responses at a given speed, regardless of running direction and BWS. Individuals who need to increase their 
physiological demands during running may benefit from a 10% increase in stride frequency from the PSF, regardless of 
BWS and running direction.
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Abbreviations
BWS	� Body weight support
CoT	� Cost of transport
EMG	� Electromyography
HR	� Heart rate
LBPP	� Lower body positive pressure
partial η2	� Partial eta-squared
PSF	� Preferred stride frequency

RPE	� Rating of perceived exertion
V̇O2	� Oxygen uptake

Introduction

Running is a popular exercise, however, 66% of runners 
sustained at least one injury within 2 years (Messier et al. 
2018). Although the etiology of running-related injury is 
multifactorial in nature, the magnitude of impact loading 
during running may be associated with a lower extremity 
stress fracture (Milner et al. 2006). Gait retraining with real-
time visual feedback of impact peak during running on a 
treadmill may be useful in reducing the impact loading and 
occurrence of running-related injury (Chan et al. 2018). 
Nevertheless, exploration of the other strategies to reduce 
the impact loading magnitude on the lower extremity, with-
out decreasing physiological demands during running may 
be useful for minimizing the risk of running-related injury.

Communicated by Jean-René Lacour.

 *	 Kenji Masumoto 
	 masumoto@ihs.kyushu‑u.ac.jp

1	 Graduate School of Human‑Environment Studies, 
Kyushu University, 744 Motooka, Nishi‑ku, Fukuoka, 
Fukuoka 819‑0395, Japan

2	 Department of Kinesiology and Nutrition Sciences, 
University of Nevada, Las Vegas, Las Vegas, NV, USA

http://orcid.org/0000-0001-8830-9915
http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-020-04380-y&domain=pdf


1520	 European Journal of Applied Physiology (2020) 120:1519–1530

1 3

For example, increasing body weight support (BWS) 
directly reduces the impact loading magnitude on lower 
extremity during running (Grabowski and Kram 2008). Met-
abolic costs during running decrease with increasing BWS 
at a constant running speed (Kline et al. 2015; Raffalt et al. 
2013). However, the metabolic costs during running with 
increasing BWS can be maintained by increasing running 
speed (Kline et al. 2015), while still reducing the impact 
loading magnitude (Raffalt et al. 2013). Furthermore, BWS 
may not influence lower extremity muscle activity patterns 
during running at a constant speed (Liebenberg et al. 2011; 
Mercer et al. 2013), although an extreme change in BWS 
(i.e., a 80% increase in BWS) influenced gastrocnemius mus-
cle activity patterns during running at individual’s preferred 
speed (Masumoto et al. 2017).

Additionally, backward running reduces the impact load-
ing magnitude on the lower extremities (Threlkeld et al. 
1989), while producing greater metabolic costs (Flynn et al. 
1994; Williford et al. 1998) than when running forward at 
the same speed. Previous investigations have mainly focused 
on physiological (Flynn et al. 1994; Williford et al. 1998) 
and biomechanical (Threlkeld et al. 1989) responses during 
backward and forward running at the same speed. However, 
when running with BWS, individuals may consistently select 
a unique combination of preferred speed and preferred stride 
frequency (PSF) for backward running and forward running 
in a way that resulted in similar metabolic costs (Masumoto 
et al. 2019).

Furthermore, manipulating stride frequency reduces 
the impact loading magnitude on lower extremity during 
forward running (Heiderscheit et al. 2011). For example, 
a 10% increase in stride frequency from the PSF during 
forward running produced similar metabolic costs to that 
of forward running at the PSF (Hamill et al. 1995), while 
reducing the impact loading magnitude during running 
(Heiderscheit et al. 2011). Additionally, increasing stride 
frequency by 10% from the PSF during forward running 
produced greater muscle activity than when running at the 
PSF, regardless of BWS (Masumoto et al. 2018). However, 
other studies (Cavanagh and Williams 1982; Snyder and Far-
ley 2011) reported that for a given speed, individuals tend to 
select PSF that is close to the optimal metabolic cost during 
forward running, and a deviation from the PSF increases 
metabolic cost, although biomechanical responses during 
forward running may or may not explain the selection of PSF 
(Hobara et al. 2012; Masumoto et al. 2015, 2018). Neverthe-
less, none of the previous studies have investigated the influ-
ence of a change in stride frequency on physiological and 
perceptual responses during backward running with BWS.

Systematic manipulations of BWS, stride frequency, and 
running direction are necessary to determine the independ-
ent influence of these manipulation strategies on physiologi-
cal and perceptual responses during running. The purpose 

of this study was to investigate the influence of a change in 
stride frequency on physiological and perceptual responses 
during backward and forward running at different levels of 
BWS. We hypothesized that an increase in stride frequency 
may increase physiological and perceptual responses during 
running, regardless of BWS and running direction. Addi-
tionally, we hypothesized that the physiological responses 
during backward running may be similar and/or higher 
than that of running forward when running at individual’s 
preferred speed, regardless of stride frequency and BWS. 
Furthermore, we hypothesized that an increase in BWS 
may decrease the physiological and perceptual responses 
during running, regardless of running direction and stride 
frequency.

Methods

Participants

Nine individuals (5 males and 4 females: means ± standard 
deviation: age = 33.2 ± 12.1 years, height = 176.1 ± 11.8 cm, 
body weight = 70.9 ± 14.7 kg) completed the study. Their 
running training distance, duration, and frequency were 
26.1 ± 20.9 km/week, 36.1 ± 16.2 min/session and 4.3 ± 1.2 
sessions/week, respectively. The participants were free from 
any diseases and injuries at the time of the study. All partici-
pants gave their written informed consent that was approved 
by the University Institutional Review Board.

Instrumentations

Oxygen uptake ( V̇O2) and carbon dioxide production were 
measured using an automatic breath-by-breath gas exchange 
system (MOXUS Modular Metabolic System, AEI Tech-
nologies Co. Ltd., United States). Heart rate (HR) was meas-
ured continuously by a telemetry method (Polar Electro, Fin-
land) and was recorded via the metabolic system. The V̇O2 
and HR data from the final 30 s of each test were analyzed. 
Furthermore, we calculated the metabolic cost of transport 
(CoT). The calculation procedures for the CoT followed the 
previously described methods of Beck et al. (2017). Rat-
ing of perceived exertion (RPE) was measured using Borg’s 
6–20 scale (Borg 1982) during the final 30 s of each test.

Muscle activity from the right rectus femoris, the long 
head of the biceps femoris, tibialis anterior, and the lateral 
head of the gastrocnemius was measured at the sampling rate 
of 1500 Hz using a telemetry electromyography (EMG) sys-
tem (TeleMyo 2400 T, G2, Noraxon, United States). Surface 
electrodes (Ambu® BlueSensor N, Ambu Inc., United States) 
were placed on each tested muscle (Hermens et al. 2000). 
A reference electrode was placed in combination with the 
rectus femoris lead. Prior to electrode placement, the skin 
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surface was shaved and abraded using a skin preparation gel 
(Skinpure, YZ-0019, Nihon Kohden Co. Ltd., Japan). The 
right knee angle was measured using an electrogoniometer 
(Model SG 150, Biometrics Ltd., United States) during the 
running tests.

Experimental procedures

Submaximal running test sessions (Days 1 and 2)

Participants performed submaximal forward and backward 
running test sessions on Days 1 and 2, respectively. Each of 
the test sessions were separated by at least one day and no 
more than 7 days. Participants were asked not to eat approxi-
mately 2 h prior to testing, although they were allowed to 
drink water during the tests.

Firstly, the preferred speed and PSF for each participant 
was determined during running for BWS condition, essen-
tially following the previously described methods (Masu-
moto et al. 2017, 2018, 2019). During the preferred speed 
and PSF measurement session, we asked each participant to 
increase or decrease the running speed during forward (Day 
1) and backward (Day 2) running at each BWS condition on 
a lower body positive pressure treadmill (G-Trainer Pro Ver-
sion 1.20, Alter-G Inc., United States) until the participant 
indicated that a certain speed was most comfortable. The 
participants were not allowed to see the actual speed and 
BWS setting when measuring their preferred speed and PSF. 
We determined stride frequency by measuring the time to 
complete 20 strides during each test using a stopwatch. Each 
participant completed this procedure three times for each 
BWS condition with an approximately 1-min rest between 
the trials. Each participant was assigned a random test order 
for BWS conditions. We averaged the three obtained run-
ning speed and stride frequency values for each condition 
to represent the preferred speed and PSF for each condition. 
The preferred speed and PSF at each condition for each par-
ticipant were used for each of the actual submaximal running 
tests (Days 1 and 2) as well as for the muscle activity and 
knee angular kinematics measurements (Day 3).

After determining the preferred speed and PSF, resting 
metabolic data were measured for 5 min. The resting V̇
O2 values between Day 1 (4.0 ± 0.5 ml/kg/min) and Day 2 
(4.3 ± 0.8 ml/kg/min) were similar (a paired t test: P > 0.05). 
Following the resting metabolic costs measurements, each 
participant ran forward (Day 1) and backward (Day 2) at 
specific BWS conditions: 0% BWS, 20% BWS, and 50% 
BWS. The stride frequency conditions were set at PSF-10%, 
PSF, and PSF + 10%. We used a digital audio metronome 
to help participants achieve the targeted stride frequency. 

The running speed used for each condition was the preferred 
speed determined previously. For each condition, running 
speed was constant at the specific preferred speed for that 
condition. Participants were assigned a random testing 
order (BWS and stride frequency conditions). Each condi-
tion lasted about 6-min. The next condition started after the 
participants had rested and HR was within 10 beats/min of 
the resting HR.

Muscle activity and knee angular kinematics measurements 
session (Day 3)

At least a day after the completion of the two submaximal 
running test sessions on Days 1 and 2, participants returned 
to the laboratory for Day 3 which consisted of measuring 
EMG and knee angular kinematics during running.

To normalize EMG, each participant performed a maxi-
mal voluntary isometric contraction for each tested muscle 
(Hishlop and Montgomery 2007) before commencing the 
actual running tests. During the running tests, participants 
ran forward and backward at three different BWS (0% BWS, 
20% BWS, and 50% BWS) and at three different stride fre-
quency (PSF-10%, PSF, and PSF + 10%) conditions on the 
lower body positive pressure treadmill. Each participant was 
assigned a random test order (running direction, BWS, and 
stride frequency conditions). Participants were allowed time 
to practice each of the conditions before commencing the 
actual data collection. Participants performed approximately 
30–60-s exercise bout for each condition.

Data reduction

The procedures used to process data from raw form to 
dependent variables essentially followed the previously 
described methods (Masumoto et  al. 2017, 2018). The 
greatest 1-s average EMG during maximal voluntary iso-
metric contraction was calculated and used as a normalizing 
value. For each condition, EMG data were first processed by 
removing any zero offset and performing a full-wave recti-
fying procedure (i.e., absolute value). We then calculated 
the average EMG across 15 s within the data set for each 
muscle (Fig. 1).

We further processed EMG data by smoothing using a 
fourth-order, Butterworth, zero-phase lag low pass filter 
(cutoff frequency = 4 Hz) to analyze the muscle activity pat-
terns. We extracted EMG data for 15 consecutive gait cycles, 
with each gait cycle defined by identifying maximum knee 
extension peaks. We then normalized stride time to 100% to 
calculate an average muscle activity pattern for each condi-
tion for each participant (Fig. 2).
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Statistical analyses

V̇O2, HR, CoT, RPE, muscle activity, and stride frequency 
were analyzed using a 2 (running directions) × 3 (BWS) × 3 
(stride frequency) repeated measures analysis of variance. Pre-
ferred speed was analyzed using a 2 (running directions) × 3 
(BWS) repeated measures analysis of variance. When a sig-
nificant main effect was observed, the difference function of 
the IBM SPSS Statistics version 19.0 was used as a subsequent 
post hoc test. When an interaction effect was observed, paired 
post hoc tests were used to detect differences between condi-
tions. The level of statistical significance was set at P < 0.05. 

When an interaction effect was identified, Bonferroni corrected 
paired post hoc tests were used to detect differences between 
conditions (α = 0.0003). Partial eta-squared (η2) was reported. 
Muscle activity patterns (Fig. 2) and knee angle data (Fig. 3) 
were described qualitatively.

Results

Metabolic costs and rating of perceived exertion

V̇O2 (Fig.  4a), HR (Fig.  4b), CoT (Fig.  4c), and RPE 
(Fig. 4d) were not influenced by the interaction of running 
direction, BWS, and stride frequency (P > 0.05). However, 

Fig. 1   Average muscle activity as a percentage of that observed 
during maximal voluntary contraction from the rectus femoris (a), 
biceps femoris (b), tibialis anterior (c), and gastrocnemius (d) dur-
ing forward and backward running at different body weight sup-
port conditions at various stride frequencies. Data are presented as 
means ± standard deviation. %MVC average muscle activity as a per-
centage of that observed during maximal voluntary contraction, FR 

forward running, BR backward running, BWS body weight support, 
PSF preferred stride frequency. aSignificant running direction effect, 
P < 0.05. bSignificant body weight support effect, P < 0.001. cSignifi-
cant stride frequency effect, P < 0.05. dSignificant running direction 
and stride frequency interaction effect, P < 0.05. eSignificant running 
direction and body weight support interaction effect, P < 0.05
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Fig. 2   Average muscle activity patterns from the rectus femoris (a), 
biceps femoris (b), tibialis anterior (c), and gastrocnemius (d) during 
forward and backward running at different body weight support con-

ditions at various stride frequencies. %MVC average muscle activity 
as a percentage of that observed during maximal voluntary contrac-
tion, PSF preferred stride frequency, BWS body weight support
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CoT was influenced by the interaction of running direction 
and BWS (P < 0.01, partial η2 = 0.625).

V̇O2 (P < 0.01, partial η2 = 0.768) and HR (P < 0.001, 
partial η2 = 0.879) were significantly different between 
running directions. Specifically, V̇O2 and HR during back-
ward running were averages of 19% and 13% lower than 
that of forward running, respectively, regardless of BWS 
and stride frequency. The pairwise comparisons indicated 
that CoT during backward running was an average of 65% 
greater than that of forward running only when running at 
0% BWS conditions (P < 0.0003). However, RPE was not 
different between running directions (P > 0.05).

Additionally, V̇O2 (P < 0.001, partial η2 = 0.925), HR 
(P < 0.001, partial η2 = 0.891), and RPE (P < 0.001, partial 
η2 = 0.729) were significantly different between BWS con-
ditions. For example, V̇O2 (P < 0.001, partial η2 = 0.800), 
HR (P < 0.05, partial η2 = 0.526), and RPE (P < 0.05, par-
tial η2 = 0.527) during running at 20% BWS were 7–14%, 
2–7%, and 0.6–1.4 rankings lower than when running at 
0% BWS, respectively, regardless of running direction and 
stride frequency. The pairwise comparisons indicated that 
CoT during forward running at 20% BWS was 20– 24% 
lower than that of running at 0% BWS (P < 0.0003). V̇
O2 (P < 0.001, partial η2 = 0.957), HR (P < 0.001, partial 

Fig. 3   Knee angle data during 
forward (a) and backward (b) 
running at different body weight 
support conditions at various 
stride frequencies. It should 
be noted that the knee angle is 
below 0° in some parts—it may 
possibly be resulted from an 
artifact of the electrogoniometer 
position. PSF preferred stride 
frequency, BWS body weight 
support
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Fig. 4   Oxygen uptake (a), heart rate (b), cost of transport (c), rating 
of perceived exertion (d), and stride frequency (e) during forward 
and backward running at different body weight support conditions 
at various stride frequencies. Data are presented as means ± stand-
ard deviation. FR forward running, BR backward running, BWS 
body weight support, PSF preferred stride frequency. aSignificant 
running direction effect, P < 0.01. bSignificant body weight support 
effect, P < 0.001. cSignificant stride frequency effect, P < 0.05. dSig-

nificant running direction and body weight support interaction effect, 
P < 0.01. eSignificant running direction and stride frequency interac-
tion effect, P < 0.05. *Significant difference between forward running 
and backward running at the same body weight support condition, 
P < 0.0003. †Significant difference between 0 and 20% body weight 
support conditions, P < 0.0003. ††Significant difference between 0 and 
50% body weight support conditions, P < 0.0003
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η2 = 0.965), and RPE (P < 0.001, partial η2 = 0.802) during 
running at 50% BWS were 22–29%, 14–19%, and 1.1 –2.8 
rankings lower than when running at 20% BWS, respec-
tively, regardless of running direction and stride frequency. 
The pairwise comparisons indicated that CoT during for-
ward and backward running at 50% BWS was 39–49% 
lower than that of running at 0% BWS (P < 0.0003).

Furthermore, V̇O2 (P < 0.05, partial η2 = 0.390), HR 
(P < 0.01, partial η2 = 0.552), and CoT (P < 0.01, partial 
η2 = 0.507) were significantly different between stride fre-
quency conditions. Specifically, V̇O2 (P < 0.05, partial 
η2 = 0.530), HR (P < 0.01, partial η2 = 0.677), and CoT 
(P < 0.05, partial η2 = 0.608) during running at PSF + 10% 
were averages of 6%, 4%, and 7% higher than when run-
ning at PSF, respectively, regardless of running direction 
and BWS. However, RPE was not different between stride 
frequency conditions (P > 0.05).

Stride frequency

Measured stride frequency (Fig. 4e) was not influenced 
by the interaction of running direction, BWS, and stride 
frequency condition (i.e., each stride frequency category) 
(P > 0.05). The measured stride frequency was different as 
designed across stride frequency condition (P < 0.001, par-
tial η2 = 0.994).

The measured stride frequency was influenced by the 
interaction of running direction and stride frequency (i.e., 
each stride frequency category) (P < 0.05, partial η2 = 0.363). 
However, the pairwise comparisons indicated that the meas-
ured stride frequency was not significantly different between 
running direction conditions (P > 0.0003). For example, the 
measured stride frequency during forward running at 0% 
BWS was not significantly different from that of backward 
running at 0% BWS when running at PSF. Furthermore, the 
pairwise comparisons indicated that the measured stride 
frequency was not significantly different between BWS 
conditions (P > 0.0003). For example, the measured stride 
frequency during forward running at 0% BWS was not sig-
nificantly different from that of forward running at 20% 
BWS when running at PSF.

Muscle activity

Muscle activity from the rectus femoris (Fig. 1a), tibialis 
anterior (Fig. 1c), and gastrocnemius (Fig. 1d) were not 
influenced by the interaction of running direction, BWS, 
and stride frequency (P > 0.05).

Muscle activity from the biceps femoris (Fig. 1b) was 
influenced by the interaction of running direction and 
BWS (P < 0.05, partial η2 = 0.351) and by the interaction 
of running direction and stride frequency (P < 0.05, partial 

η2 = 0.354). However, the pairwise comparisons indicated 
that muscle activity from the biceps femoris was not signifi-
cantly different between conditions (P > 0.0003).

Muscle activity from the gastrocnemius was signifi-
cantly different between running directions (P < 0.05, par-
tial η2 = 0.410). Specifically, gastrocnemius during backward 
running was an average of 17% lower than that of forward 
running, regardless of BWS and stride frequency.

Additionally, muscle activity from the rectus femoris 
(P < 0.001, partial η2 = 0.678), tibialis anterior (P < 0.001, 
partial η2 = 0.736), and gastrocnemius (P < 0.001, partial 
η2 = 0.680) were significantly different between BWS con-
ditions. For example, muscle activity from the rectus femoris 
(P < 0.01, partial η2 = 0.603) and tibialis anterior (P < 0.05, 
partial η2 = 0.520) during running at 20% BWS were aver-
ages of 11% and 10% lower than when running at 0% BWS, 
respectively, regardless of running direction and stride fre-
quency. Muscle activity from the rectus femoris (P < 0.01, 
partial η2 = 0.699), tibialis anterior (P < 0.01, partial 
η2 = 0.797), and gastrocnemius (P < 0.001, partial η2 = 0.811) 
during running at 50% BWS were averages of 25%, 24%, and 
21% lower than when running at 20% BWS, respectively, 
regardless of running direction and stride frequency.

Furthermore, muscle activity from the rectus femoris was 
significantly different between stride frequency conditions 
(P < 0.05, partial η2 = 0.343), regardless of running direction 
and BWS. However, the subsequent post hoc test indicated 
that muscle activity from the rectus femoris was not signifi-
cantly different between conditions (P > 0.05).

Fig. 5   Preferred running speed during forward and backward run-
ning at different body weight support conditions. Data are presented 
as means ± standard deviation. BWS body weight support. aSignificant 
running direction effect, P < 0.001. bSignificant body weight support 
effect, P < 0.001
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Preferred speed

Preferred speed (Fig. 5) was not influenced by the interaction 
of running direction and BWS (P > 0.05).

Preferred speed was significantly different between run-
ning directions (P < 0.001, partial η2 = 0.981). Specifically, 
preferred speed during backward running was an average of 
51% lower than that of forward running, regardless of BWS.

Furthermore, preferred speed was significantly different 
between BWS conditions (P < 0.001, partial η2 = 0.690). For 
example, preferred speed at 20% BWS were an average of 
15% higher than when running at 0% BWS (P < 0.05, partial 
η2 = 0.578), regardless of running direction. Preferred speed 
at 50% BWS was an average of 28% higher than when run-
ning at 20% BWS (P < 0.01, partial η2 = 0.753), regardless 
of running direction.

Discussion

This study was designed to determine the influence of 
changes in stride frequency, BWS, and running direction 
on physiological and perceptual responses during running. 
We observed that manipulations of stride frequency and 
running direction influenced metabolic costs during run-
ning, although RPE was similar between stride frequency 
conditions and between running direction conditions. Fur-
thermore, a change in BWS influenced metabolic costs, 
RPE, and lower extremity muscle activity during running. 
Through systematic manipulations of stride frequency, BWS, 
and running direction, these observations suggest that lower 
extremity muscle activity may be an important determinant 
of RPE during running at a given speed, regardless of stride 
frequency, BWS, and running direction.

Influence of stride frequency on running mechanics

We observed that a 10% increase in stride frequency from 
the PSF during forward running produced 1%, 3%, and 10% 
increases in the V̇O2 for 0% BWS, 20% BWS, and 50% BWS 
conditions, respectively. Additionally, increasing stride fre-
quency by 10% from the PSF during forward running pro-
duced 3%, 6%, and 12% increases in the CoT for 0% BWS, 
20% BWS, and 50% BWS conditions, respectively. To our 
knowledge, no research has investigated the influence of a 
change in stride frequency on metabolic costs during run-
ning with BWS. However, Hamill et al. (1995) reported that 
metabolic costs during forward running on a treadmill (i.e., 
0% BWS) were similar between the PSF and PSF + 10% 

conditions, which is in general agreement with our observa-
tions of forward running at 0% BWS. Nevertheless, Mercer 
et al. (2008) reported that the influence of the change in 
stride frequency from the PSF (e.g., PSF-10%) on metabolic 
cost during forward running on a treadmill was greater for 
slower speed (e.g., 3.13 m/s versus 4.02 m/s). We observed 
that a 10% increase in stride frequency from the PSF dur-
ing backward running produced 6%, 6%, and 8% increases 
in the V̇O2 for 0% BWS, 20% BWS, and 50% BWS condi-
tions, respectively. Furthermore, a 10% increase in stride 
frequency from the PSF during backward running resulted 
in mean increases in the CoT of 5%, 8%, and 10% for 0% 
BWS, 20% BWS, and 50% BWS conditions, respectively. 
Our observations indicate that the impact of an increase in 
stride frequency on metabolic costs during running was the 
greatest at the greatest level of BWS, regardless of running 
direction.

Furthermore, we observed that a change in stride fre-
quency did not influence RPE during running, indicating 
similar perceived effort during running at different stride fre-
quency conditions. These observations suggest that individu-
als may not be able to perceive ~ 12% difference in metabolic 
costs that resulted from a 10% increase in stride frequency 
from the PSF during running at a given speed, regardless of 
BWS and running direction.

Influence of body weight support on running 
mechanics

We observed that V̇O2, HR, CoT, and muscle activity dur-
ing running at 20% BWS were on average 10%, 5%, 22%, 
and 10% lower than when running at 0% BWS, respectively. 
Furthermore, a 50% increase in BWS from the 0% BWS 
condition during running produced averages of 25%, 16%, 
45%, and 23% decreases in the V̇O2, HR, CoT, and muscle 
activity, respectively. Our observations suggest that physi-
ological responses during running were influenced by the 
amount of BWS provided; however, physiological responses 
during running decreased with increasing BWS in less than 
direct proportion to BWS provided, regardless of stride fre-
quency and running direction.

Our observations of the decreased lower extremity muscle 
activity and similar stride frequency during running with 
increasing BWS suggest that the vertical impulse may have 
been influenced by the BWS during running. For example, 
the predicted vertical active peak of ground reaction force 
value during forward running at 50% BWS (1.5 body weight) 
was lower than that of running forward at 0% BWS (2.4 body 
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weight) (Grabowski and Kram 2008). Future biomechani-
cal studies to investigate the external (e.g., ground reaction 
forces) and internal (e.g., joint compressive forces) forces 
during backward and forward running with BWS may be 
helpful in understanding our observations of the non-propor-
tional decrease in physiological responses during backward 
and forward running with increasing BWS.

We observed that RPE during backward and forward 
running decreased with increasing BWS within a relatively 
narrow range (e.g., an average of 0.9 decrease in RPE rank-
ing for a 20% increase in BWS), which is in general agree-
ment with the previous observations (Masumoto et al. 2019). 
These observations suggest that BWS may have a greater 
influence on physiological responses than on perceptual 
responses during backward and forward running.

Influence of running direction on running 
mechanics

We observed that V̇O2 and HR during backward running 
were 14–23% and 9–17% lower than when running forward, 
respectively. Additionally, gastrocnemius muscle activity 
and preferred speed during backward running were 7–25% 
and 48–55% lower than when running forward, respectively. 
During running with BWS at the individual’s preferred pace, 
backward running produced similar metabolic costs to that 
of forward running (Masumoto et al. 2019). However, pre-
ferred speed during backward running was 29–42% lower 
than when running forward in the previous study (Masu-
moto et al. 2019). The difference in the relative reduction in 
the preferred speed account for the different observations of 
metabolic costs between our study and the previous study 
(Masumoto et al. 2019).

We observed that changes in stride frequency and BWS 
during backward and forward running had minimal influence 
on muscle activity patterns, however, a change in running 
direction influenced muscle activity patterns during running. 
For example, a change in running direction influenced biceps 
femoris muscle activation patterns. In fact, we observed that 
the biceps femoris produced two peaks (i.e., 50% and 90% 
of gait cycle) during forward running, although it produced 
only one peak during backward running at 100% of gait 
cycle (Fig. 2b).

However, we observed that the rectus femoris muscle 
activity pattern was unaffected by the change in running 
direction. In this study, the rectus femoris produced a peak 
during early stance phase of backward and forward running 
(Fig. 2a). Nevertheless, the knee flexion during early stance 
phase of forward running was absent during backward run-
ning (Fig. 3). Therefore, we suggest that muscle action of 
the rectus femoris during stance phase of backward running 
may possibly be isometric and concentric muscle contrac-
tions, although muscle action during forward running may 

possibly be eccentric and concentric muscle contractions, 
regardless of BWS and stride frequency.

To emphasize the coordination pattern between muscles, 
we plotted rectus femoris versus biceps femoris during run-
ning at different running direction, BWS, and stride fre-
quency conditions (Fig. 6). Using these plots, we observed 
that a change in running direction influenced the biceps 
femoris and rectus femoris muscle coordination patterns 
(Fig. 6). Recently, Masumoto et al. (2017) reported that the 
biceps femoris and rectus femoris muscle coordination pat-
terns during backward and forward running may be differ-
ent, regardless of BWS (0–80% BWS). These observations 
of the different biceps femoris and rectus femoris muscle 
coordination patterns between running directions suggest 
that backward running may provide a new locomotor stimu-
lus during running.

Furthermore, in this study, CoT indicated backward run-
ning to be more metabolically costly per unit distance than 
that of forward running only when running at 0% BWS. Our 
observations suggest that BWS may attenuate the difference 
in the metabolic costs per unit distance between backward 
and forward running, although biceps femoris and rectus 
femoris muscle coordination patterns may be different 
between backward and forward running with increasing 
BWS.

Backward gait training improved forward running per-
formance by approximately 3% (Ordway et al. 2016) and 
by 30% (Terblanche et al. 2005) in trained runners and in 
habitually active individuals, respectively. Hoogkamer et al. 
(2014) hypothesized that the transfer characteristics may be 
either related to common gains in cardiovascular fitness (or 
in musculoskeletal properties) or caused by common neu-
ral structures. However, there are still remaining question 
on the actual underlying mechanisms for the transfer of the 
improvements. Our observations of the (1) greater metabolic 
costs per distance during backward running than when run-
ning forward and (2) different muscle coordination patterns 
between backward and forward running may contribute to 
better understand why backward gait training improves for-
ward running performance (e.g., Ordway et al. 2016; Ter-
blanche et al. 2005).

It is not clear how familiarization of stride frequency, run-
ning direction, and BWS influence physiological and percep-
tual responses during running at the individual’s preferred 
pace. For example, time required for metabolic accommo-
dation to forward running with BWS was longer for greater 
BWS levels (McNeill et al. 2015). However, Masumoto et al. 
(2019) reported that metabolic costs, RPE, PSF, and pre-
ferred speed during backward running and forward running 
with BWS at the individual’s preferred pace were consistent 
between 4 days. Clarification of the definitive contribution of 
the task familiarity to these different conditions on preferred 
running patterns may require additional long-term research.
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Conclusions

Manipulation of stride frequency during running may have 
a greater influence on physiological responses than on per-
ceptual responses at a given speed, regardless of running 
direction and BWS. Iindividuals who need to increase their 
physiological demands during running may benefit from a 
10% increase in stride frequency from the PSF at a given 
speed, regardless of BWS and running direction.

Author contributions  KM and JAM conceived and designed the 
research. KM, DD, ACJ, and JAM conducted the experiments. KM 
and JAM analyzed the data. KM and JAM wrote the manuscript. All 
authors read and approved the final version of manuscript.

Funding  This study was supported by a Grant-in-Aid for Scientific 
Research (C) from the Japan Society for the Promotion of Science 
(JSPS KAKENHI Grant Number JP16K01663).

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional research committee (University Institutional Review Board of 
the University of Nevada, Las Vegas, United States, code:1104369-4) 
and with the 1964 Helsinki declaration and its later amendments or 
comparable ethical standards.

Fig. 6   Muscle coordination pat-
terns between the rectus femoris 
and biceps femoris during 
backward and forward running 
at different body weight support 
conditions at various stride 
frequencies. %MVC average 
muscle activity as a percentage 
of that observed during maxi-
mal voluntary contraction, FR 
forward running, BR backward 
running, BWS body weight 
support, PSF preferred stride 
frequency



1530	 European Journal of Applied Physiology (2020) 120:1519–1530

1 3

Informed consent  Written informed consent was obtained from all 
individual participants included in the study.

References

Borg GA (1982) Psychophysical bases of perceived exertion. Med 
Sci Sports Exerc 14:377–381

Beck ON, Taboga P, Grabowski AM (2017) Reduced prosthetic 
stiffness lowers the metabolic cost of running for athletes with 
bilateral transtibial amputations. J Appl Physiol 122:976–984. 
https​://doi.org/10.1152/jappl​physi​ol.00587​.2016

Cavanagh PR, Williams KR (1982) The effect of stride length varia-
tion on oxygen uptake during distance running. Med Sci Sports 
Exerc 14:30–35

Chan ZYS, Zhang JH, Au IPH, An WW, Shum GLK, Ng GYF, Cheung 
RTH (2018) Gait retraining for the reduction of injury occur-
rence in novice distance runners: 1-year follow-up of a rand-
omized controlled trial. Am J Sports Med 46:388–395. https​://
doi.org/10.1177/03635​46517​73627​7

Flynn TW, Connery SM, Smutok MA, Zeballos RJ, Weisman IM 
(1994) Comparison of cardiopulmonary responses to forward and 
backward walking and running. Med Sci Sports Exerc 26:89–94

Grabowski AM, Kram R (2008) Effects of velocity and weight support 
on ground reaction forces and metabolic power during running. J 
Appl Biomech 24:288–297

Hamill J, Derrick TR, Holt KG (1995) Shock attenuation and stride 
frequency during running. Hum Mov Sci 14:45–60

Heiderscheit BC, Chumanov ES, Michalski MP, Wille CM, Ryan 
MB (2011) Effects of step rate manipulation on joint mechanics 
during running. Med Sci Sports Exerc 43:296–302. https​://doi.
org/10.1249/MSS.0b013​e3181​ebedf​4

Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G (2000) Develop-
ment of recommendations for SEMG sensors and sensor place-
ment procedures. J Electromyogr Kinesiol 10:361–374

Hishlop HJ, Montgomery J (2007) Daniel’s and worthingham’s mus-
cle testing: techniques of manual examination. Saunders/Elsevier, 
Amsterdam, pp 218, 224, 228–229, 235–236

Hobara H, Sato T, Sakaguchi M, Sato T, Nakazawa K (2012) Step fre-
quency and lower extremity loading during running. Int J Sports 
Med 33:310–313. https​://doi.org/10.1055/s-0031-12912​32

Hoogkamer W, Meyns P, Duysens J (2014) Steps forward in under-
standing backward gait: from basic circuits to rehabilitation. Exerc 
Sport Sci Rev 42:23–29. https​://doi.org/10.1249/JES.00000​00000​
00000​0

Kline JR, Raab S, Coast JR, Bounds RG, McNeill DK, de Heer HD 
(2015) Conversion table for running on lower body positive pres-
sure treadmills. J Strength Cond Res 29:854–862. https​://doi.
org/10.1519/JSC.00000​00000​00065​8

Liebenberg J, Scharf J, Forrest D, Dufek JS, Masumoto K, Mercer 
JA (2011) Determination of muscle activity during running at 
reduced body weight. J Sports Sci 29:207–214. https​://doi.
org/10.1080/02640​414.2010.53480​6

Masumoto K, Bailey JP, Mercer JA (2015) Determining if muscle 
activity is related to preferred stride frequency during running in 
the water and on land. Eur J Appl Physiol 115:2691–2700. https​
://doi.org/10.1007/s0042​1-015-3234-5

Masumoto K, Galor A, Craig-Jones A, Mercer JA (2019) Metabolic 
costs during backward running with body weight support. Int J 
Sports Med 40:269–275. https​://doi.org/10.1055/a-0806-7537

Masumoto K, Joerger J, Mercer JA (2018) Influence of stride frequency 
manipulation on muscle activity during running with body weight 
support. Gait Posture 61:473–478. https​://doi.org/10.1016/j.gaitp​
ost.2018.02.010

Masumoto K, Soucy MT, Bailey JP, Mercer JA (2017) Muscle activ-
ity during backward and forward running with body weight sup-
port. Hum Mov Sci 55:276–286. https​://doi.org/10.1016/j.humov​
.2017.08.015

McNeill DK, de Heer HD, Williams CP, Coast JR (2015) Metabolic 
accommodation to running on a body weight-supported treadmill. 
Eur J Appl Physiol 115:905–910. https​://doi.org/10.1007/s0042​
1-014-3071-y

Mercer JA, Applequist BC, Masumoto K (2013) Muscle activity while 
running at 20%–50% of normal body weight. Res Sports Med 
21:217–228. https​://doi.org/10.1080/15438​627.2013.79208​4

Mercer JA, Dolgan J, Griffin J, Bestwick A (2008) The physiological 
importance of preferred stride frequency during running at differ-
ent speeds. J Exerc Physiol 11:26–32

Messier SP, Martin DF, Mihalko SL, Ip E, DeVita P, Cannon DW, 
Love M, Beringer D, Saldana S, Fellin RE, Seay JF (2018) A 
2-year prospective cohort study of overuse running injuries: the 
runners and injury longitudinal study (TRAILS). Am J Sports 
Med 46:2211–2221. https​://doi.org/10.1177/03635​46518​77375​5

Milner CE, Ferber R, Pollard CD, Hamill J, Davis IS (2006) Bio-
mechanical factors associated with tibial stress fracture in 
female runners. Med Sci Sports Exerc 38:323–328. https​://doi.
org/10.1249/01.mss.00001​83477​.75808​.92

Ordway JD, Laubach LL, Vanderburgh PM, Jackson KJ (2016) The 
effects of backwards running training on forward running econ-
omy in trained males. J Strength Cond Res 30:763–767. https​://
doi.org/10.1519/JSC.00000​00000​00115​3

Raffalt PC, Hovgaard-Hansen L, Jensen BR (2013) Running on a 
lower-body positive pressure treadmill: VO2max, respiratory 
response, and vertical ground reaction force. Res Q Exerc Sport 
84:213–222. https​://doi.org/10.1080/02701​367.2013.78472​1

Snyder KL, Farley CT (2011) Energetically optimal stride frequency in 
running: the effects of incline and decline. J Exp Biol 214:2089–
2095. https​://doi.org/10.1242/jeb.05315​7

Terblanche E, Page C, Kroff J, Venter RE (2005) The effect of back-
ward locomotion training on the body composition and cardiores-
piratory fitness of young women. Int J Sports Med 26:214–219. 
https​://doi.org/10.1055/s-2004-82099​7

Threlkeld AJ, Horn TS, Wojtowicz G, Rooney JG, Shapiro R (1989) 
Kinematics, ground reaction force, and muscle balance produced 
by backward running. J Orthop Sports Phys Ther 11:56–63

Williford HN, Olson MS, Gauger S, Duey WJ, Blessing DL (1998) 
Cardiovascular and metabolic costs of forward, backward, and 
lateral motion. Med Sci Sports Exerc 30:1419–1423

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1152/japplphysiol.00587.2016
https://doi.org/10.1177/0363546517736277
https://doi.org/10.1177/0363546517736277
https://doi.org/10.1249/MSS.0b013e3181ebedf4
https://doi.org/10.1249/MSS.0b013e3181ebedf4
https://doi.org/10.1055/s-0031-1291232
https://doi.org/10.1249/JES.0000000000000000
https://doi.org/10.1249/JES.0000000000000000
https://doi.org/10.1519/JSC.0000000000000658
https://doi.org/10.1519/JSC.0000000000000658
https://doi.org/10.1080/02640414.2010.534806
https://doi.org/10.1080/02640414.2010.534806
https://doi.org/10.1007/s00421-015-3234-5
https://doi.org/10.1007/s00421-015-3234-5
https://doi.org/10.1055/a-0806-7537
https://doi.org/10.1016/j.gaitpost.2018.02.010
https://doi.org/10.1016/j.gaitpost.2018.02.010
https://doi.org/10.1016/j.humov.2017.08.015
https://doi.org/10.1016/j.humov.2017.08.015
https://doi.org/10.1007/s00421-014-3071-y
https://doi.org/10.1007/s00421-014-3071-y
https://doi.org/10.1080/15438627.2013.792084
https://doi.org/10.1177/0363546518773755
https://doi.org/10.1249/01.mss.0000183477.75808.92
https://doi.org/10.1249/01.mss.0000183477.75808.92
https://doi.org/10.1519/JSC.0000000000001153
https://doi.org/10.1519/JSC.0000000000001153
https://doi.org/10.1080/02701367.2013.784721
https://doi.org/10.1242/jeb.053157
https://doi.org/10.1055/s-2004-820997

	The effects of stride frequency manipulation on physiological and perceptual responses during backward and forward running with body weight support
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Participants
	Instrumentations
	Experimental procedures
	Submaximal running test sessions (Days 1 and 2)
	Muscle activity and knee angular kinematics measurements session (Day 3)

	Data reduction
	Statistical analyses

	Results
	Metabolic costs and rating of perceived exertion
	Stride frequency
	Muscle activity
	Preferred speed

	Discussion
	Influence of stride frequency on running mechanics
	Influence of body weight support on running mechanics
	Influence of running direction on running mechanics

	Conclusions
	References




