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Abstract
Quinn, TJ, Dempsey, SL, LaRoche, DP,Mackenzie, AM, and Cook, SB. Step frequency training improves running economy in well-
trained female runners. J Strength Cond Res XX(X): 000–000, 2019—The purpose was to determine whether a short training
program (15 minutes for 10 days) to increase step frequency to 180 steps per min would elicit improvements in running economy
(RE). Experimental (n5 11) and control (n5 11) female subjects reported to the laboratory for 12 consecutive days and completed 2
RE tests at 3.4 and 3.8 m·s21 (day 1 and 12), followed by a maximal oxygen uptake test (day 1 only), and experimental subjects
completed a 10-day training program to increase step frequency (days 2–11). Control subjects completed the same runs without
step frequency training. The training program consisted of running at 180 steps per minutes for 15 minutes at a self-selected
velocity. A repeated-measures multivariate analysis of variance was used to test for differences. Oxygen consumption was sig-
nificantly lower at each testing velocity for experimental but not control after the 10-day training program. The average drop in
oxygen consumption across both speeds was approximately 11.0% (p , 0.05; mean h2

p 5 0.28). These lower oxygen con-
sumptions were achieved at greater (7.0%) self-selected step frequencies (p, 0.01; mean h2

p 5 0.78), shorter (3.7%) step lengths
(p, 0.05;meanh2

p 5 0.74), and lower (5.1%) heart rates (p, 0.05;meanh2
p 5 0.31) for experimental but not control. Training to run

at a faster step cadence may be a viable technique to improve RE.
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Introduction

Running economy (RE) is defined as the oxygen uptake required to
maintain a steady-state pace and is thought of as a critical compo-
nent to endurance running performance success (11). In a heteroge-
neous sample of distance runners, success has often been attributed
to the runner’s maximal oxygen uptake (V̇O2max) (11), but in ho-
mogeneous samples of elite runners, RE is the better predictor of
performance (9,16,20,32,33,41). Running economy can vary by up
to 30% in runners with similar V̇O2max values (17), and thus, one
focus of training should be to reduce the energy expenditure of
submaximal running to continue to elicit improvements in perfor-
mance even after increases in maximal oxygen uptake have peaked.

Running economy involves physiological and biomechanical
factors that combine to yield the most economical movement
pattern for an individual. Runners tend to develop an innate
running style, and this running style is the result of a unique
combination of movement variables including hip joint angle,
knee angle, step length, and step frequency that are highly repli-
cable among individuals (12). Different combinations of these
factors contribute to the variability in efficiency among individ-
uals (5). Tartaruga et al. (43) found that 28% of the variability in
RE could be explained by step frequency. Optimization of step
frequency can be a focus to minimize the overall energy cost of
running (6). In addition, it seems that an optimal (i.e., most eco-
nomical) step frequency of approximately 180 s·min21 is ob-
served in elite distance runners (6,24,25,27) and some, but
certainly not all researchers and coaches (36,40,43), suggest that

elite caliber runners strive to attain 180 s·min21 or higher (15).
Therefore, if there is such a thing as a universal, optimal, or most
economical step frequency for athletes while running, this could
have important implications regarding the retraining of running
mechanics especially among less economical runners.

On average, a trained runner self-selects a step length and fre-
quency that is within 3%of optimal values (30). Kaneko et al. (27)
found an average preferred step frequency of 168 s·min21 com-
pared with an optimal step frequency, at which runners consumed
the lowest possible amount of oxygen, of 174 s·min21. Similarly,
Hunter and Smith (25) found an average preferred step frequency
of 176.4 s·min21, yet the step frequency that corresponded to the
lowest oxygen uptake was 177.6 s·min21. de Ruiter et al. (38)
found that both novice and trained runners self-selected stride
frequencies that were, respectively, 9 and 3% lower than optimal.
These studies found that preferred step frequencies were close, but
still not optimal and support the notion that even subtle changes in
step frequency could have critical effects on RE. Few studies have
focused on altering these biomechanical factors through a training
program since running coaches have long assumed that runners
develop an innate running technique that is most efficient for them.

Numerous studies have noted that spatiotemporal gait
parameters affect RE (3,5,18,23–25,28,29,31). Consequently,
how and the extent to which RE can be improved through
changes in kinematic parameters, such as step frequency, has not
been clearly defined. Evidence suggesting that there may be an
optimal step frequency of 180 s·min21, at least for the elite run-
ner, gives reason to explore this speculation further. Therefore,
the purpose of this research study was to determine whether
a short training program to increase step frequency to approxi-
mately 180 s·min21 in well-trained female runners who had step
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frequencies likely to be suboptimal (,176 s·min21) would elicit
improvements in RE. An additional aim of the study was to see
whether a short trainingprogramcouldbe effective in learning to run
with a higher step frequency. We hypothesized that a short training
programwould be an effective tool for learning to run at a faster step
frequency, and that RE would be improved in runners undergoing
step frequency training and remain unchanged in controls.

Methods

Experimental Approach to the Problem

Increasing step frequencymaybe a viablemethod to improveRE.Our
study is the first to test whether a short-term training program
designed to increase step frequency to approximately 180 s·min21was
effective in improvingRE in female runners. Experimental and control
groups ran on a treadmill for 15minutes for 10 consecutive days. The
experimental group received step frequency training while the control
group received no step training and ran at their preferred step rate.
Before and after the 10-day training program, RE was measured at 2
velocities (3.4 and 3.8 m·s21), and the groups were compared.

Subjects

Female runners who had (a) a 5-km personal record time between
17 and 22 minutes within the last year; (b) been running regularly
for at least 5 years; and (c) a current step frequency,176 s·min21

were recruited for this study. Subjects were instructed to maintain
their current training volume for the duration of testing and to keep
a record of their runs in a training log, which was turned in at the
conclusion of their involvement in the study. In addition, subjects
were informed of the risks and benefits of the study andwere asked
to read and sign an informed consent form that was in accordance
with the guidelines of the Institutional Review Board at the Uni-
versity of New Hampshire. The Institutional Review Board ap-
proved all aspects of this study. In total, 22 women completed the
study, and all had considerable treadmill running experience before
study enrollment. Subjects were evenly divided into either an ex-
perimental (step frequency training; age range, 18–32 years) or
control (no step frequency training; age range, 19–23 years) group.
Subjects were all 18 years of age and older. Subjects were not
randomized into groups as the control group was selected after the
experimental group. Table 1 shows subjects’ characteristics.

Procedures

The experimental protocol required reporting to the Robert
Kertzer Exercise Physiology Laboratory for 12 consecutive days.
Experimental datawere collected during the first (pre-training) and
twelfth (post-training) visit at approximately the same time of day
to ensure reliable and consistent measures. The laboratory was

environmentally controlled, and temperature and relative humidity
were consistent across testing days and averaged 24.4° C and
68.5%, respectively. In addition, subjects wore the same footwear
and clothing to each of those visits. Finally, all subjects were well
conditioned to treadmill running, and all were running fit.

Subjects were instructed to avoid food and caffeinated bev-
erages within 3 hours of testing, and to come to each session in
a euhydrated state. In addition, subjects were instructed to per-
form light to moderate steady-state exercise of 5–8 km before the
day of testing. To avoid possible changes in RE associated with
dehydration, a refractometer (Leica TSMeter, Buffalo, NY, USA)
was used to measure the urine specific gravity and to confirm the
euhydrated state (1.013–1.029 g·ml21; (1)).

Before each testing session, a metabolic measurement cart
(Vmax 229 Series; Sensormedics, Yorba Linda, CA, USA) was
calibrated using known standards of oxygen and carbon dioxide.
A metronome was calibrated and set to 180 b·min21 to guide the
subjects’ foot strikes during the step frequency–controlled train-
ing. In addition, a foot switch was placed on the left foot of all
subjects before testing or training days to monitor actual step
frequencies. The timing of heel strikes was recorded from the foot
switch using a BIOPACMP100Data Acquisition System (Goleta,
CA, USA) that sampled at 200 Hz. Stride frequency was de-
termined by an automated analysis that identified the number of
square waves generated by the foot switch per minute and was
taken as the average stride frequency in the fourth minute of each
5-minute testing trial. Stride frequency was multiplied by 2 to
obtain step frequency. Treadmill belt speed at 3.4 and 3.8 m·s21

was calibrated, with subjects running, before testing using the
known belt length, a strip of tape, and a stopwatch andwas found
to be more than 99% accurate. Using the treadmill belt velocity
and step frequency, step length (step length) was calculated.

Day 1: Baseline Measures. Visit1 consisted of 2 RE assessments,
a V̇O2max test, and anthropometric measurements. The anthro-
pometric measures included stature (cm; SECA Stadiometer;
SECANorth America, Chino, CA, USA), body mass (kg; General
GE 510 Electronic Scale; Cape Coral, FL), and skinfolds. Skinfold
measurements were taken with a Harpenden caliper (Body Care,
Ann Arbor, MI, USA) at 4 different sites: triceps, suprailium,
umbilicus, and anterior mid-thigh. Body density was calculated
using the Jackson et al. (26) formula. Percent body fat was then
estimated using the Siri (42) equation. The same trained techni-
cian performed all body composition assessments.

After a warm-up period of 5 minutes at a self-selected velocity
between 3.4 and 3.8m·s21, the first assessment of RE consisted of
running at the 2 treadmill velocities for 5 minutes each. Running
economy was calculated as the steady-state, mean V̇O2 between
the fourth and fifth minute, for each running velocity (37). Using

Table 1

Subject characteristics (mean 6 SD).

Control (n 5 11) Experimental (n 5 11)

Age (y) 21.3 6 1.4 22.9 6 5.0

Stature (m) 1.64 6 0.08 1.62 6 0.14

Body mass (kg) 58.0 6 2.5 58.1 6 8.3

Body fat (%) 20.7 6 2.3 19.0 6 3.9

VȮ2max (ml·kg
21·min21) 60.9 6 5.2 59.5 6 7.2

5K PR (min) 19.93 6 1.60 19.84 6 1.37

Average SF (steps·min21 at 3.4 m·s21) 165.2 6 4.5 164.9 6 5.2

Average SF (steps·min21 at 3.8 m·s21) 170.9 6 3.6 169.8 6 5.0

PR 5 personal record; SF 5 step frequency.
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the foot switch, the average step frequency of each trial between
the fourth and fifth minute was accepted as the preferred, freely
chosen step frequency for each velocity.

After sufficient rest (15 minutes), the maximal oxygen uptake
test was conducted using a modified Costill–Fox (10) protocol,
which allowed subjects to self-select a running velocity between
the 2 submaximal testing speeds, and grade was increased 2%
everyminute until volitional exhaustion.Maximal oxygen uptake
was established and recorded using the following parameters:
a respiratory exchange ratio .1.08, a plateau in oxygen con-
sumption with an increase in workload, and a heart rate (HR)
within one SD of the age-based predicted maximal value (39).

Days 2–11: Training. Experimental subjects reported to the lab-
oratory to run on the treadmill at a self-selected velocity between
3.4 and 3.8 m·s21 for 15 minutes. Before running, the foot switch
was attached, and the metronome was set to 180 b·min21 and
used to help subjects run at this step frequency. The foot switch
equipped data acquisition system provided real-time step fre-
quencies, and the subjects were cued if they needed to increase or
decrease step frequency. Subjects were encouraged to remember
each training session and try to replicate the 180 s·min21 during
daily training runs that took place after the treadmill training
session, but no research measurements were collected during the
daily training runs. Control subjects reported to the laboratory
and ran at a self-selected velocity between 3.4 and 3.8 m·s21 for
15 minutes but this was conducted at the runner’s freely chosen
step frequency, and no step frequency training or feedback were
provided. The investigators asked the subjects to maintain
training loads over the course of these 10 days, and the subjects’
training logs showed that there were no increases in training
volume, and that their activity would be best described as mod-
erate intensity, steady-state training.

Day 12: Post-training Measures. This final visit involved 2 RE
assessments at the same 3.4 and 3.8m·s21 velocities. The protocol
was identical to that followed on day 1, except no maximal ox-
ygen uptake test was performed.

Statistical Analyses

A 2-way repeated-measures multivariate analysis of variance was
performed to determine differences between the groups (experi-
mental and control) over time (day 1 vs. day 12) in the dependent

variables (V̇O2/RE, step frequency, step length, minute ventila-
tion, HR, and respiratory exchange ratio). If significant inter-
actions and main effects were identified, independent and
dependent t-tests with Bonferroni adjustments were performed as
post hoc tests. Mean differences, 95% confidence intervals (95%
CIs), and partial eta-squared (h2

p) were computed. Effect sizes, as
estimated through h2

p, were categorized as small (0.01), medium
(0.06), or large (0.14) (8). Statistics were computed using the
Statistical Package for the Social Sciences (SPSS Version 18,
Chicago, IL, USA), and data are presented as mean 6 SD.

Results

Over the course of the 10-day training period, exercise compli-
ance was 97 and 96% for the experimental and control groups,
respectively. Body mass was unchanged on the post-training
testing day for both groups (58.4 6 6.1 vs. 57.3 6 4.3 kg ex-
perimental and control, respectively).

Table 2 shows statistical values (mean differences, 95%CI, h2
p,

p values) for the dependent variables for both groups at each
speed. The step frequency training program resulted in significant
group 3 time interactions (Table 2) in step frequency at 3.4 and
3.8 m·s21 (Figure 1). The experimental group increased their step
frequency by 8.2% at 3.4 m·s21 and by 5.7% at 3.8 m·s21

compared with control subjects. In addition, when comparing pre-
training vs. post-training values, the experimental subjects in-
creased their step frequency from 1656 4.5 to 1796 1.4 s·min21

(95%CI, 176.5–182.0; h2
p, 0.85) at 3.4 m·s21 and from 1706 4.9

to 18063.3 s·min21 (95%CI, 177.2–183.9;h2
p, 0.70) at 3.8m·s21.

Furthermore, significant changes in step length were observed at
both running velocities as step frequency increased. The ex-
perimental group decreased their step length by 0.09 6 0.03
(95% CI,20.12 to20.07; h2

p, 0.79) and by 0.076 0.04 (95%
CI, 20.11 to 20.06; h2

p, 0.68) meters per step at 3.4 and
3.8 m·s21, respectively (Figure 2). Significant group 3 time
interactions were observed in oxygen consumption at 3.4 and
3.8 m·s21 (Figure 3). After training, the experimental group
had 14.1 and 8.7% lower oxygen consumption values at 3.4
and 3.8 m·s21, respectively, compared with the control group.
Likewise, at the 3.4 m·s21 velocity, the experimental group
post-training oxygen consumption value was 8.6% lower than
pre-training while at 3.8 m·s21, a 3.2% reduction was ob-
served. The step frequency training program resulted in sig-
nificant interactions in HR at 3.4 and 3.8 m·s21 (Table 2). At

Table 2

Statistical values (mean differences, 95% CIs, h2
p, and p value) for the dependent variables.*

Velocity Variable

Control Experimental

h2
p pMean diff. 95% CI Mean diff. 95% CI

3.4 m·s21 Step frequency (s·min21) 0.4 20.4 to 1.3 14.2 11.5 to 17.0 0.85 ,0.001

Step length (m·step21) 0.00 20.01 to 0.00 20.10 20.12 to 20.07 0.79 0.001

VȮ2 (ml·kg
21·min21) 0.9 0.2 to 1.6 23.0 25.9 to 20.2 0.31 0.007

VE (l·min
21) 0.8 20.5 to 2.1 21.9 25.8 to 2.1 0.09 0.170

HR (b·min21) 1.2 21.0 to 3.3 27.4 219.1 to 4.4 0.31 0.007

RER 0.01 0.00 to 0.02 20.01 20.03 to 0.01 0.18 0.047

3.8 m·s21 Step frequency (s·min21) 20.2 21.3 to 0.9 10.6 7.2 to 13.9 0.70 ,0.001

Step length (m·step21) 0.00 20.01 to 0.01 20.08 20.11 to 20.06 0.68 0.013

VȮ2 (ml·kg
21·min21) 0.9 20.5 to 2.4 21.3 22.7 to 0.1 0.24 0.021

VE (l·min
21) 0.1 20.1 to 0.3 1.0 26.8 to 8.8 0.00 0.794

HR (b·min21) 0.6 20.8 to 2.1 27.8 216.3 to 0.7 0.30 0.009

RER 0.00 0.00 to 0.00 20.02 20.05 to 0.01 0.15 0.078

*CI 5 confidence interval.
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the 3.4 m·s21 velocity, HR (Figure 4) was 4.8% lower in ex-
perimental vs. control while at 3.8 m·s21, a 5.4% reduction
was observed. Minute ventilation and respiratory exchange
ratio were not significantly different between groups or ve-
locities (Table 2).

Discussion

This study sought to determine whether a short training program
to increase step frequency would effectively increase self-selected
step frequency and concurrently improve RE.Our first hypothesis
was that the short training programwould be an effective tool for
learning to run at a faster step frequency. This hypothesis is
supported as the experimental group increased step frequency by
14 (61.4) and 10 (63.3) s·min21 at 3.4 and 3.8 m·s21, re-
spectively. Furthermore, all 11 experimental runners who com-
pleted the 10-day training program to increase step frequency
displayed an increased step frequency that became the runners’
preferred step frequencies, and the increases were relatively con-
sistent among the experimental subjects.

Our second hypothesis was that after the training program,
well-trained female runners would consume less oxygen and

expend less energy during submaximal running, thus showing an
improvement in RE and the data supported this hypothesis. These
lower oxygen consumptions were achieved at greater step fre-
quencies and lower HRs. The current study is in disagreement
withHafer et al. (21)who after a 6-week training pilot program to
increase cadence by 110% resulted in no changes in RE. Our
study differed from Hafer et al. in several important ways in-
cluding training length (10 days vs. 6 weeks); method of training
(treadmill training at 180 s·min21 vs. uncoached with tools pro-
vided to increase step rate); number of subjects (22 vs. 5); training
level of subjects (well-trained vs. recreational); and training pro-
gram compliance (96%1 vs. 61%). We observed a step rate in-
crease of approximately 7.5% as compared to a 2.4% increase
reported by Hafer et al. It is likely that a more structured step
training program that runners dedicate themselves to is required
to elicit improvements in RE.

Optimizing RE involves a complex combination of bio-
mechanical, physiological, and neuromuscular components (2),
and in this study, we sought to alter only one variable and, thus,
simplify what a runner needed to concentrate on. Our results do
not agree with Dallam et al. (13) who studied the impact of 12
weeks of pose run training in a group of triathletes. Pose run

Figure 1. Changes in step frequency before and after training while running at 3.4
and 3.8m·s21. *p, 0.05; experimental post-training value significantly greater than
control after training. #p , 0.05; experimental post-training value significantly
greater than pre-training.

Figure 2. Step length (m·step21) changes before and after training while running at
3.4 and 3.8 m·s21. *p , 0.05; experimental post-training value significantly lower
than control after training. #p , 0.05; experimental post-training value significantly
lower than pre-training.
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training involves a total body alteration in running form. The
authors reported that the subjects exhibited a decrement in RE of
approximately 8%. We would offer 2 potential explanations as to
why the current study results differ from those of Dallam et al. (13):
(a) the athletes were triathletes, and presumably, they were main-
taining their commitment to all 3 aspects of their sport and were
thusly training for both swimming and cycling in addition to run-
ning and therefore limiting the necessary concentration that would
be required for this global alteration in running form, and (b) the
pose method is a technique that requires alterations of both the
upper and lower body, as opposed to the one modification in the
current study, and it might take longer than 12 weeks to develop
positive adaptations when total body changes are introduced.

Several researchers have shown that when running velocity is
constant and step frequency is altered, a U-shaped oxygen
consumption curve is developed (6,25,34,38) with the lowest
point on the curve indicating the most economical step fre-
quency. The subjects in this study were purposely selected with
slower step frequencies and, therefore, were likely on the left and
upper part of the U-shaped oxygen consumption curve. Cav-
anagh and Williams (6) showed in their study that most of their

experienced running subjects were classified as “overstriders,”
and that as step length increased, oxygen consumption increased
as well at submaximal velocities especially at 110% of the
runners’ optimal stride lengths. Step rates were not quantified in
their study, but it can be assumed, since step length and step rate
are inversely related, that most subjects were self-selecting
cadences that were lower than optimal, i.e., the runners were on
the left, upper part of the U-shaped oxygen consumption curve.
Our data support the findings of Cavanagh and Williams (6) as
it is likely that our experimental subjects self-selected slower step
frequencies and longer step lengths that resulted in higher sub-
maximal oxygen consumption measurements. On average, our
subjects increased their step rate by 7.5%, and the step fre-
quency training program likely moved these runners lower and
perhaps to the “trough” of the curve where the cost of running is
minimized.

Increasing a runner’s step frequency may lead to several adap-
tations that impact RE, including alterations in foot contact time as
well as flight time (18,34), changes in muscle force production and
activation patterns (7), joint mechanics (22), and leg stiffness
changes (4). Although we did not measure any of these variables,

Figure 3. Oxygen consumption (ml·kg21·min21) changes before and after training
while running at 3.4 and 3.8 m·s21. *p , 0.05; experimental post-training value
significantly lower than control after training. #p, 0.05; experimental post-training
value significantly lower than pre-training.

Figure 4.Changes in heart rate (HR; b·min21) before and after training while running
at 3.4 and 3.8 m·s21. *p, 0.05; experimental post-training value significantly lower
than control after training. #p , 0.05; experimental post-training value significantly
lower than pre-training.
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these previous studies do provide a possible explanation for the
improvement in RE that we observed. For example, Heiderscheidt
et al. (22) showed that an increased step rate resulted in a decrease
in peakknee flexion,which, in turn, has been shown to improveRE
(6). In addition, Farley and Gonzalez (19) and Morin et al. (35)
found that as step frequency increased, the contact time decreased
leading to an increase in leg stiffness. Chumanov et al. (7) showed
that as step frequency increased, hamstring group muscle activity
increased during the mid-swing phase of the gait cycle and that, in
combination with an increased preactivation of the gastrocnemius
and decreased tibialis anterior activity, allowed for an increase in
leg stiffness anda decrease in the braking force upon landing (28). It
is likely that the experimental runners in the current study de-
creased peak knee flexion and contact time and increased stiffness
in such a way to optimally store passive elastic energy during the
landing phase and then release that stored energy during the push
off phase (14), leading to an improvement in RE.

Results of this study showed that there were significant
reductions in HR, at each submaximal testing velocity for the
experimental runners. At 3.4- and 3.8-m·s21 velocities, there
was a 4.8 and 5.4% reduction in HR, respectively, and this was
achieved at a higher step frequency and lower oxygen con-
sumption. Interestingly, de Ruiter et al. (38) reported that run-
ners’ lowest HRs were associated with optimal stride
frequencies and was not different than oxygen consumption–
established optimal step frequencies. After training and after
running at a higher step frequency, a lower energy demand was
most likely developed, whether it be through alterations in
movement pattern (6,22,24,25,27,44,45) that minimized
wasted energy or through improved elastic energy storage and
recoil (25,27,44). As a result of the lower energy requirements,
the heart would not have to pump as fast to meet the oxygen
demands of the working muscle.

Practical Applications

In summary, this is the first study that we are aware that has
addressed step frequency training (other than a pilot study;
(20)) and its implication on RE and offers a simple, time-
effective intervention to improve RE in highly trained endur-
ance runners. Well-trained runners were able to increase step
frequency to approximately 180 s·min21. In addition, after
the program, an increased step frequency was observed with
a concomitant lowering of oxygen consumption and HR that
ultimately improved RE in well-trained female runners. The
implementation of step frequency training is now made easier
through recent advances in consumer fitness technology
(phone and watch apps, music set to a specific beat, metro-
nome, etc.) that provide real-time feedback of running pace
and step frequency. Coaches and well-trained runners whose
step frequencies are lower than optimal could easily use these
free tools to increase step frequency over a 10-day period. If
the program is followed, it may be likely that positive changes
in step frequency could potentially lead to improvements in
performance.
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