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Abstract 

Background: Running-related injuries are prevalent among distance runners. Changing step rate is a commonly 
used running retraining strategy in the management and prevention of running-related injuries.

Objective: The aims of this review were to synthesise the evidence relating to the effects of changing running step 
rate on injury, performance and biomechanics.

Design: Systematic review and meta-analysis.

Data Sources: MEDLINE, EMBASE, CINAHL, and SPORTDiscus.

Results: Thirty-seven studies were included that related to injury (n = 2), performance (n = 5), and biomechan-
ics (n = 36). Regarding injury, very limited evidence indicated that increasing running step rate is associated with 
improvements in pain (4 weeks: standard mean difference (SMD), 95% CI 2.68, 1.52 to 3.83; 12 weeks: 3.62, 2.24 to 
4.99) and function (4 weeks: 2.31, 3.39 to 1.24); 12 weeks: 3.42, 4.75 to 2.09) in recreational runners with patellofemoral 
pain. Regarding performance, very limited evidence indicated that increasing step rate increases perceived exertion 
( − 0.49,  − 0.91 to − 0.07) and awkwardness (− 0.72, − 1.38 to − 0.06) and effort (− 0.69, − 1.34, − 0.03); and very 
limited evidence that an increase in preferred step rate is associated with increased metabolic energy consumption 
(− 0.84, − 1.57 to − 0.11). Regarding biomechanics, increasing running step rate was associated with strong evidence 
of reduced peak knee flexion angle (0.66, 0.40 to 0.92); moderate evidence of reduced step length (0.93, 0.49 to 1.37), 
peak hip adduction (0.40, 0.11 to 0.69), and peak knee extensor moment (0.50, 0.18 to 0.81); moderate evidence of 
reduced foot strike angle (0.62, 034 to 0.90); limited evidence of reduced braking impulse (0.64, 0.29 to 1.00), peak hip 
flexion (0.42, 0.10 to 0.75), and peak patellofemoral joint stress (0.56, 0.07 to 1.05); and limited evidence of reduced 
negative hip (0.55, 0.20 to 0.91) and knee work (0.84, 0.48 to 1.20). Decreasing running step rate was associated with 
moderate evidence of increased step length (− 0.76, − 1.31 to − 0.21); limited evidence of increased contact time 
(− 0.95, − 1.49 to − 0.40), braking impulse (− 0.73, − 1.08 to − 0.37), and negative knee work (− 0.88, − 1.25 to − 0.52); 
and limited evidence of reduced negative ankle work (0.38, 0.03 to 0.73) and negative hip work (0.49, 0.07 to 0.91).

Conclusion: In general, increasing running step rate results in a reduction (or no change), and reducing step rate 
results in an increase (or no change), to kinetic, kinematic, and loading rate variables at the ankle, knee and hip. At 
present there is insufficient evidence to conclusively determine the effects of altering running step rate on injury and 
performance. As most studies included in this review investigated the immediate effects of changing running step 
rate, the longer-term effects remain largely unknown.
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Key Points

• Increasing running step rate reduces step length, 
peak knee flexion angle, peak hip adduction, peak 
knee extensor moment and foot strike angle

• There is insufficient evidence to determine the effects 
of changing running step rate on injury or perfor-
mance

• Increasing running step rate will broadly reduce kin-
ematic and kinetic variables at the ankle, knee and 
hip

Background
Running participation provides many health and social 
benefits [1]. Yet, it is estimated that 50% of runners expe-
rience an injury that prevents them from running in a 
given year, and up to 25% of runners are injured at any 
given time [2]. Most running-related injuries affect the 
lower limb and are overuse in nature [2, 3]. The most 
common injury diagnoses include medial tibial stress 
syndrome, Achilles tendinopathy, and patellofemoral 
pain [4].

Many factors are proposed to contribute to running-
related injuries including training load, biomechani-
cal factors, and lifestyle and emotional stressors [5]. As 
running-related injuries often occur following changes to 
training load [5], it is likely that injuries develop in tis-
sues that are exposed to load that exceeds their capacity 
[3, 6]. Given the high incidence of running-related inju-
ries, interventions that can decrease tissue loads, assist in 
maintaining running load, and reduce injury risk without 
reducing running performance, are likely to be of consid-
erable interest to the running community.

Running retraining (changing running technique) 
can be used to reduce, or shift tissue loads [7]. Com-
mon running retraining strategies include alterations to 
strike pattern, impact loading, and step rate [8]. A pre-
vious mixed-methods study, which synthesised clinical 
and biomechanical evidence with international expert 
opinion from coaches and clinicians related to running 
retraining, found that increasing step rate is the most 
used strategy in the management of running-related 
injuries [8]. In addition to considering effects on injury, 

understanding the relationship between running retrain-
ing and performance is needed. Changing a runner’s pre-
ferred running gait has been shown by some studies to 
immediately increase metabolic cost [9, 10], and is there-
fore proposed to potentially reduce running performance 
in the short-term. This may not be a major consideration 
among some recreational runners, but it is likely to be 
a very important concern among competitive runners. 
Therefore, it is important for clinicians, coaches, and 
runners to be aware of the evidence regarding the effects 
of changing running step rate on measures of perfor-
mance, in the short- and long-term.

Understanding how changing running step rate affects 
biomechanics will provide a mechanistic insight into how 
this retraining strategy could be utilised in managing both 
injury and performance. A systematic review published 
in 2012 [11] summarised the immediate effects of chang-
ing step rate and stride length in runners from 10 studies, 
with the review identifying that an increase in step rate 
decreased centre of mass vertical excursion, ground reac-
tion force, shock attenuation, and energy absorbed at the 
hip, knee, and ankle joints. Based on these findings, the 
authors concluded that increasing running step rate may 
help to reduce the risk of running-related injury [11]. 
However, the findings of this previous systematic review 
need to be considered with the knowledge that it did not 
use meta-analysis to synthesise data, and it focussed on 
kinematic and kinetic outcomes—performance and injury 
data were not considered. Additionally, this previous 
review did not include any studies evaluating step rate as a 
running retraining intervention over time. There has been 
a substantial increase in research evaluating the effects of 
changing running step rate over the past decade and syn-
thesising all contemporary literature through meta-analy-
sis would provide more accurate estimates of these effects.

Therefore, the primary aim of this systematic review 
and meta-analysis was to synthesise the evidence relating 
to the effects of altering running step rate on injury and 
performance. As changing running step rate can affect 
biomechanics, and therefore tissue loads, a secondary 
aim of this review was to synthesise the evidence relating 
to the effects of altering running step rate on spatiotem-
poral, kinetic, kinematic, muscle function, and impact-
related parameters.

Prospero Registration: CRD42020167657.

Keywords: Gait retraining, Running retraining, Step rate, Cadence, Running-related injury, Biomechanics, 
Performance, Systematic review, Meta-analysis
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Methods
This systematic review and meta-analysis is reported in 
accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guide-
lines. The protocol was prospectively registered on 
the PROSPERO International Prospective Register for 
Systematic Reviews website in July 2020 (Registration 
number: CRD42020167657). The review adhered to the 
protocol without amendments or deviations.

Literature Search Strategy
Using guidelines provided by the Cochrane Collaboration, 
a comprehensive search strategy was devised and applied 
to the following electronic databases with no date restric-
tions; (i) CINAHL via EBSCO, (ii) EMBASE via OVID, (iii) 
MEDLINE via OVID and (iv) SPORTDiscus. The first search 
was performed in April 2020 and repeated in May 2021. The 
search strategy was deliberately simplified to ensure inclu-
sion of all relevant papers, with all terms searched as free 
text and keywords (where applicable). Concept 1 covered 
‘step rate’ (step frequency OR stride frequency OR step rate 
OR stride rate OR cadence OR step length OR stride length) 
AND Concept 2 covered ‘running’ (run* OR jog*). All poten-
tial references were imported into Endnote X7 (Thomson 
Reuters, Carlsbad, California, USA) and duplicates were 
removed. Two reviewers (LMA and JFM) reviewed all 
titles returned by the database searches and retrieved suit-
able abstracts. Where abstracts suggested that papers were 
potentially suitable, the full-text versions were screened 
and included in the review if they met the selection crite-
ria. A third reviewer was consulted in case of disagreements 
(DRB). All studies that met the inclusion criteria had their 
reference list hand searched. In addition, citation tracking of 
included studies was performed using Google Scholar.

Selection Criteria
Studies comparing preferred (i.e. habitual) running step 
rate to an increase or decrease in step rate, while run-
ning were considered for inclusion. A change in running 
step rate was defined as runners being instructed to alter 
their preferred step rate by taking more or fewer steps, 
while running at the same speed. Studies were excluded 
if step length was manipulated without a corresponding 
change in step rate, or if participants ran at a set step rate 
without reporting their preferred step rate, as it was not 
possible to determine if preferred step rate was altered. 
Studies were also excluded if other running retraining 
strategies (e.g. changing foot strike) were used in addition 
to changing step rate. Case reports and non-English stud-
ies were excluded, along with studies with fewer than 10 
participants in the cohort or each group [12]. The latter 
criterion was applied to minimise the risk of potentially 

false-positive or false-negative findings influencing the 
evidence synthesis [12].

Variable Classifications
Injury, performance and biomechanical variables were 
included in this review. Injury variables included par-
ticipant-reported measures of pain and/or function. 
Performance variables were those relating to both physi-
ological measures of performance (e.g.  VO2) and partic-
ipant-reported measures of effort (e.g. rate of perceived 
exertion (RPE)). Biomechanical variables included 
kinetic, kinematic, and spatiotemporal measures.

Reported Methodological Quality Assessment
Two independent reviewers (JFM and DRB) rated the 
quality of included studies using the Downs and Black 
Quality Index [13]. Any inter-rater discrepancies were 
resolved by consensus, with a third reviewer (CJB) avail-
able if needed. All items were scored as ‘Yes’ (score = 1), 
‘No’ (score = 0) or ‘Unclear’ (score = 0), except item 
5, which was scored as ‘Yes’ (score = 2), ‘Partial’ 
(score = 1), ‘No’ (score = 0) or ‘Unclear’ (score = 0). 
Based on assessment scores, studies were categorised as 
high quality (≥ 20 out of maximum possible score 28), 
moderate quality (17–19) or low quality (≤ 16) [12]. The 
Downs and Black Quality Index has been shown to have 
high internal consistency, test–retest and inter-rater 
reliability, and high criterion validity [13].

Data Management
All study data were extracted from included stud-
ies by the primary author (LMA) and double-checked 
by a second author (JFM). If sufficient data were not 
reported in the published article or related supplemen-
tary material, corresponding authors were contacted 
via email to request further data. If additional data were 
not provided, the best available data from the published 
article were still included in the review.

Statistical Analysis
Means and standard deviations were used to calcu-
late the standardised mean difference (SMD) with 95% 
confidence intervals (CI) for variables of interest. Data 
were pooled where possible. Meta-analysis was per-
formed using the Cochrane Collaboration Review Man-
ager 5.4 software. A random-effects model was used for 
the meta-analyses due to differences between the study 
design, interventions, participants, and research settings.

Data Synthesis
Levels of evidence were determined using a modi-
fied version of the van Tulder criteria [14]: (i) strong 
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evidence provided by consistent findings among multi-
ple studies, including at least three high-quality studies; 
(ii) moderate evidence provided by consistent findings 
among multiple studies, including at least three moder-
ate- or high-quality studies or two high-quality studies; 
(iii) limited evidence provided by consistent findings 
among multiple low- or moderate-quality studies, or 
one high-quality study; (iv) very limited evidence pro-
vided by findings from one low or moderate quality 
study; and, (v) conflicting evidence provided by incon-
sistent findings among multiple studies, regardless of 
quality.

Definition of consistent findings (i.e. statistical homo-
geneity) was based on an I2 of 50% or less. I2 values 
greater than 50% were classified as inconsistent (i.e. 
statistical heterogeneity), with level of evidence down-
graded one level if pooled results were significant. Calcu-
lated SMD magnitudes were classified as small (≤ 0.59), 
medium (0.60–1.19), or large (≥ 1.20) [12].

Results
Search Strategy and Reported Quality
The initial search identified 4602 titles. Following 
removal of duplicate publications, titles of 2320 publi-
cations were evaluated. The full text of 54 articles were 
retrieved, and 37 studies were identified for inclusion 
(see Fig. 1). Thirty-three studies investigated the immedi-
ate effects of changing step rate on performance and bio-
mechanics, and four studies evaluated the longer-term 
effects of changing step rate on injury and biomechanics. 
The primary reasons for exclusion of studies were com-
bined running retraining strategies [15–18], and manipu-
lation of step length with no change in step rate [19–21]. 
In addition to data being extracted directly from the 37 
included studies where possible, additional data were 
provided by 5 authors upon request [22–26].

Characteristics of the 37 included studies are given 
in Table 1. The results of the Downs and Black Quality 
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Index scores for each study are shown in Table 2. Of the 
37 included studies, 17 were high quality [22, 27–42], 
19 were moderate quality [23, 25, 26, 43–58], and 1 was 
low quality [24].

Primary Outcomes
Injury
Two studies [23, 55] were identified evaluating pain and 
function with a change in running step rate over time 
periods of 4 weeks to 3 months. One study investigated 
the effects of a 10% increase in step rate on pain and 
function in recreational runners with patellofemoral pain 
(1MQ [23]), providing limited evidence of improvements 
in total running distance per week, longest run pain-free, 
numeric pain rating scale, and Lower Extremity Func-
tional Scale at 4  weeks and 3  months. The remaining 
study investigated the effects of a 7.5% increase in step 
rate on pain and function in recreational runners with 
patellofemoral pain (1MQ [55]), providing limited evi-
dence of improvements in average pain, worst pain, and 
the Kujala Scale at 6 weeks. No data pooling was possible 
for any injury variables. All SMDs and CI for the four var-
iables and associated time periods are shown in Table 3.

Performance
Five studies [26, 42, 49, 50, 53] were identified evaluating 
the immediate differences in surrogate measures of per-
formance with a change in running step rate.

Subjective Measures of  Performance Two studies were 
identified evaluating subjective measures of performance 
[49, 50]. In recreational runners, compared to running 
with a preferred step rate: very limited evidence indicated 
an increase in rate of perceived exertion (RPE) with a 10% 
increase in step rate, but no differences were reported with 
a 5% increase in step rate, or with 5% or 10% reductions in 
step rate (1MQ [48]); and very limited evidence indicated 
an increase in self-reported awkwardness and effort with a 
10% increase in step rate (1MQ [49]).

Physiological Measures of  Performance Three studies 
were identified evaluating physiological measures of run-
ning performance [26, 42, 53]. In recreational runners, 
compared to running with a preferred step rate, very lim-
ited evidence indicated an increase in VO2 consumption 
when running at 3.13 m/s and 3.58 m/s with a 15% decrease 
in step rate [53]. Very limited evidence indicated no dif-
ference in VO2 consumption when: running at 4.02  m/s 
with a 15% decrease in step rate [53]; running at 3.13 m/s, 
3.58  m/s and 4.02  m/s with a 15% increase in step rate 
[53]; and, running at maximum speed for a 1-h run with 
a 4% and 8% increase or decrease in step rate [42]. Very 
limited evidence indicated an increase in metabolic energy 

consumption with an 8% decrease, 15% decrease and 15% 
increase in step rate, while no difference was observed with 
an 8% increase in step rate [26]. No data pooling was pos-
sible for any performance findings as no measure of per-
formance was reported by multiple studies. All SMDs and 
CI from single studies are shown in Table 4.

Secondary Outcome
In the main manuscript, only the pooled results from 
two or more studies are presented for biomechanical 
variables. All SMDs and CI, including those from single 
studies are shown in Tables  5, 6, 7, 8, 9,10, 11, with all 
significant biomechanical findings additionally shown in 
Fig. 2. Unless stated otherwise, all reported findings are 
immediate effects to a change in running step rate.

Biomechanics
Twenty-two studies [10, 12–14, 18–25, 28, 30, 32, 33, 35, 
37–39, 42, 45] were identified evaluating biomechanical 
differences between running with a preferred step rate 
and an increased step rate, and 13 studies [12–14, 19, 20, 
24, 25, 28, 32, 33, 37, 39, 42] were identified evaluating 
biomechanical differences between running with a pre-
ferred step rate and a reduced step rate. A total of 221 
variables were evaluated (Tables 5, 6, 7, 8, 9,10, 11).

Spatiotemporal Gait Parameters Nine studies [24, 26, 
30, 33, 44, 45, 49, 54, 57] were identified evaluating run-
ning spatiotemporal gait parameters. Eight studies [26, 30, 
33, 44, 45, 49, 54, 57] evaluated differences in gait param-
eters between running with a preferred step rate and an 
increased step rate, while seven studies [24, 26, 30, 44, 45, 
49, 54] evaluated differences between running with a pre-
ferred step rate and a reduced step rate.

Step length: In recreational runners, compared to run-
ning with a preferred step rate: moderate evidence indi-
cated a shorter step length with a 10% increase in step 
rate (2HQ [30, 33] and 2MQ [44, 49]; 0.93, 0.49 to 1.37; 
I2 = 52%); and moderate evidence indicated a longer step 
length with a 10% reduction in step rate (1HQ [30], 2MQ 
[44, 49] and 1LQ [24]; − 0.76, − 1.31 to − 0.21; I2 = 70%).

Contact time: In recreational runners, compared to 
running with a preferred step rate: limited evidence indi-
cated no difference in contact time with a 10% increase 
in step rate (1HQ [30] and 1MQ [45]; 0.50, -0.02 to 1.03; 
I2 = 0%); and limited evidence indicated an increase in 
contact time with a 10% reduction in step rate (1HQ [30] 
and 1MQ [45]; − 0.95, − 1.49 to − 0.40; I2 = 0%).

Ground Reaction Forces, Loading Rates and  Braking 
Impulse Ten studies [25, 30, 31, 33, 38, 41, 44, 49, 50, 
54] were identified evaluating ground reaction force and 
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loading rate variables. All studies evaluated biomechani-
cal differences between running with a preferred step rate 
and an increased step rate, while six studies [25, 30, 31, 
44, 49, 54] evaluated biomechanical differences between 
running with a preferred step rate and a reduced step rate.

Ground reaction forces: In recreational runners, 
increasing step rate by 10% was associated with limited 
evidence of no difference in peak vertical ground reac-
tion force (1HQ [33] and 1MQ [49]; 0.24, -0.11 to 0.59; 
I2 = 0%).

Loading rates: In recreational runners, increasing run-
ning step rate by 10% was associated with no difference 

Table 3 Single study results for injury variables

SMD ± 95% CI in bold represent statistically significant results

Variable Post-intervention Time Frame Step rate change SMD ± 95% CI

Total running distance per week 4 weeks [23]  + 10% 1.26 [2.15, 0.37]
12 weeks [23]  + 10% 1.26 [2.15, 0.37]

Longest run pain-free 4 weeks [23]  + 10% 2.05 [3.08, 1.03]
12 weeks [23]  + 10% 2.00 [3.01, 0.99]

Numeric Rating Scale 4 weeks [23]  + 10% 2.68 [1.52, 3.83]
12 weeks [23]  + 10% 3.62 [2.24, 4.99]

Lower Extremity Functional Scale 4 weeks [23]  + 10% 2.31 [3.39, 1.24]
12 weeks [23]  + 10% 3.42 [4.75, 2.09]

Average Pain 6 weeks [55]  + 7.5% 1.55 [0.52, 2.58]
Worst Pain 6 weeks [55]  + 7.5% 1.92 [0.82, 3.02]
Kujala Scale 6 weeks [55]  + 7.5%  − 0.68 [ − 1.59, 0.23]

Table 4 Single study results for performance variables

SMD ± 95% CI are provided for each percentage increase or decrease in running step rate. SMD ± 95% CI presented in bold are statistically significant

Variables Preferred SR versus Increased SR Preferred SR versus Reduced SR

Performance VO2 at 3.13 m/s  + 15% [53]  − 0.21 ( − 1.09, 0.67)  − 15% [53]  − 4.10 ( − 7.74,  − 0.46)
VO2 at 3.58 m/s  + 15% [53]  − 0.18 ( − 1.06, 0.70)  − 15% [53]  − 0.52 ( − 1.42, 0.37)

VO2 at 4.02 m/s  + 15% [53]  − 0.06 ( − 0.94, 0.81)  − 15% [53]  − 0.20 ( − 1.08, 0.68)

VO2 at 60 min race pace  + 4% (initial) [42]  − 0.23 ( − 0.92, 0.47)  − 4% (initial) [42]  − 0.26 ( − 0.95, 0.44)

 + 4% (final) [42]  − 0.23 ( − 0.93, 0.46)  − 4% (final) [42]  − 0.23 ( − 0.92, 0.47)

 + 8% (initial) [42]  − 0.45 ( − 1.15, 0.26)  − 8% (initial) [42]  − 0.45 ( − 1.16, 0.25)

 + 8% (final) [42]  − 0.33 ( − 1.02, 0.37)  − 8% (final) [42]  − 0.34 ( − 1.04, 0.36)

Rate of perceived exertion  + 5% [49]  − 0.15 ( − 0.57, 0.26)  − 5% [49]  − 0.08 ( − 0.33, 0.50)

 + 10% [49]  − 0.49 ( − 0.91,  − 0.07)  − 10% [49] 0.00 ( − 0.41, 0.41)

Awkwardness  + 10% [50]  − 0.72 ( − 1.38,  − 0.06)
Effort  + 10% [50]  − 0.69 ( − 1.34,  − 0.03)
Metabolic Energy Consumption  + 8% [26]  − 0.38 [ − 1.08, 0.32]  − 8% [26]  − 0.70 [ − 1.41, 0.02]

 + 15% [26]  − 0.84 [ − 1.57,  − 0.11]  − 15% [26]  − 1.61 [ − 2.42,  − 0.80]

in average vertical loading rate (1HQ [41] and 1MQ [50]; 
0.24, − 0.23 to 0.70; I2 = 0%) and vertical instantaneous 
loading rate (1HQ [41] and 1MQ [50]; − 0.04, − 0.50 to 
0.42; I2 = 0%).

Braking impulse: In recreational runners, reducing 
step rate by 10% was associated with limited evidence 
of increased braking impulse (1HQ [30] and 1MQ [49]; 
− 0.73, − 1.08 to − 0.37; I2 = 0%).

Foot, Ankle, and  Lower Leg Nineteen studies [22, 26, 
30–36, 38, 39, 41, 44, 45, 47, 49, 50, 54, 57] evaluated 81 
biomechanical variables at the foot, ankle, and lower leg. 



Page 23 of 41Anderson et al. Sports Medicine - Open           (2022) 8:112  

All studies evaluated biomechanical differences between 
running with a preferred step rate and an increased step 
rate, while ten studies [26, 30, 31, 35, 36, 39, 44, 45, 49, 
54] also evaluated biomechanical differences between 
running with a preferred step rate and a reduced step 
rate.

Kinetics: In recreational runners, increasing step rate 
by 10% was associated with moderate evidence of no 
difference in peak tibial acceleration (2HQ [31, 41] and 
2MQ [44, 50]; 0.06, − 0.29 to 0.42; I2 = 8%); and limited 
evidence of no difference in negative ankle work (2 MQ 
[44, 49]; − 0.01, − 0.36 to 0.33; I2 = 0%). Increasing step 
rate by 5% was associated with moderate evidence of no 
difference in rearfoot peak pressure (2HQ; 0.18, − 0.15 
to 0.51; I2 = 0%) and rearfoot contact time (2HQ; − 0.07, 
− 0.41 to 0.26; I2 = 0%).

In recreational runners, reducing step rate by 10% 
was associated with limited evidence of increased nega-
tive ankle work (2 MQ [44, 49];−  0.38, − 0.73 to − 0.03; 
I2 = 0%) and no difference in peak tibial acceleration 
(1HQ [31] and 1 MQ [44]; − 0.42, − 0.93 to 0.08; I2 = 0%). 
Reducing step rate by 5% was associated with moderate 
evidence of no difference in rearfoot peak pressure (2HQ 
[35, 39]; − 0.14, − 0.48 to 0.19; I2 = 0%), rearfoot max 
force (2HQ; − 0.14, − 0.47 to 0.19; I2 = 0%), and rear-
foot contact time (2HQ [35, 39]; − 0.23, − 0.56 to 0.10; 
I2 = 0%).

Kinematics: In recreational runners, increasing step 
rate by 10% was associated with moderate evidence of 
reduced foot strike angle (2HQ [22, 33] and 1MQ [49]; 
0.62, 0.34 to 0.09; I2 = 0%); and limited evidence of no dif-
ference in average plantar/dorsiflexion at initial contact 
(1HQ [34] and 1MQ [45]; 0.23, − 0.20 to 0.67; I2 = 0%). 
Increasing step rate by 5% was associated with limited 
evidence of reduced foot strike angle (1HQ [22] and 1MQ 
[49]; 0.39, 0.09 to 0.69; I2 = 0%).

Knee Fourteen studies [23, 26, 29, 30, 32–34, 36, 38, 44, 
45, 47, 49, 51, 55] evaluated 64 biomechanical variables 
at the knee. All studies evaluated biomechanical differ-
ences between running with a preferred step rate and an 
increased step rate, while seven studies [26, 30, 36, 44, 45, 
49, 51] also evaluated biomechanical differences between 
running with a preferred step rate and a reduced step rate.

Kinetics: In recreational runners, increasing step 
rate by 10% was associated with moderate evidence of 
reduced peak knee extensor moment (2HQ [29, 33] and 
1MQ [49]; 0.50, 0.18 to 0.81; I2 = 0%); and limited evi-
dence of reduced peak patellofemoral joint stress (2HQ 
[29, 33]; 0.56, 0.07 to 1.05; I2 = 0%) and reduced negative 
knee work (2 MQ [44, 49]; 0.84, 1.20 to 0.48; I2 = 0%). In 
recreational runners, reducing step rate by 10% was asso-
ciated with limited evidence of reduced negative knee 
work (2 MQ [44, 49]; 0.88, 0.52 to 1.25; I2 = 0%).

Table 5 Pooled and single study results for spatiotemporal gait parameters

SMD ± 95% CI are provided for each percentage increase or decrease in running step rate. SMD ± 95% CI presented in bold are statistically significant

Abbreviations: COM centre of mass, IC initial contact

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

Spatiotemporal Gait 
Parameters

COM vertical excursion  + 5% [49] 0.53 (0.11, 0.95)  − 5% [49]  − 0.66 ( − 1.09,  − 0.24)
 + 10% [49] 1.15 (0.71, 1.60)  − 10% [49]  − 1.41 ( − 1.88,  − 0.95)

Downward displacement 
of COM
Contact time

 + 30% [54] 1.92 (0.82, 3.01)  − 30% [54]  − 3.83 ( − 5.42,  − 2.24
 + 5% [45] 0.41 ( − 0.48, 1.30)  − 5% [45]  − 0.71 ( − 1.62, 0.20)

 + 8% [26] 0.50 ( − 0.20, 1.21)  − 8% [26]  − 0.28 ( − 0.98, 0.42)

 + 10% [30, 45] 0.50 ( − 0.02, 1.03)  − 10% [30, 45]  − 0.95 ( − 1.49,  − 0.40)
 + 15% [26] 0.92 (0.18, 1.65)  − 15% [26]  − 0.35 ( − 1.05, 0.35)

 + 30% [54] 1.50 (0.48, 2.52)  − 30% [54]  − 0.61 ( − 1.51, 0.30)

Step length  + 5% [49] 0.29 ( − 0.12, 0.71)  − 5% [49]  − 0.30 ( − 0.71, 0.12)

 + 8% [26] 1.72 (0.90, 2.55)  − 8% [26]  − 1.75 ( − 2.59,  − 0.92)
 + 10% [30, 33, 44, 49] 0.93 (0.49, 1.37)  − 10% [24, 30, 44, 49]  − 0.76 ( − 1.31,  − 0.21)
180spm [57] 4.69 (3.03, 6.35)  − 15% [26]  − 3.51 ( − 4.66,  − 2.36)
 + 15% [26] 2.73 (1.73, 3.72)

COM to heel distance 
at IC

 + 5% [49] 0.36 ( − 0.06, 0.77)  − 5% [49]  − 0.26 ( − 0.67, 0.16)

 + 10% [49] 0.55 (0.13, 0.97)  − 10% [49]  − 0.53 ( − 0.95,  − 0.11)
Flight time  + 5% [45] 0.49 ( − 0.40, 1.38)  − 5% [45]  − 0.49 ( − 1.38, 0.40)

 + 10% [45] 0.98 (0.04, 1.92)  − 10% [45]  − 1.00 ( − 1.94,  − 0.06)
 + 30% [54] 1.13 (0.17, 2.09)  − 30% [54]  − 4.88 ( − 6.79,  − 2.98)

Strike index  + 10% [30]  − 0.53 ( − 1.18, 0.11)  − 10% [30]  − 0.12 ( − 0.75, 0.52)
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Table 6 Pooled and single study results for ground reaction force and loading rate variables

SMD ± 95% CI are provided for each percentage increase or decrease in running step rate. SMD ± 95% CI presented in bold are statistically significant

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

Ground Reaction Force and 
Loading Rates

Average vertical loading 
rate

 + 7.5% (post 8 sessions) 
[40]

1.25 (0.48, 2.01)  − 15% [25]  − 0.46 ( − 1.35, 0.43)

 + 7.5% (post 4 weeks) [40] 1.37 (0.59, 2.14)  − 30% [25]  − 1.25 ( − 2.22,  − 0.27)
 + 7.5% (post 12 weeks) 
[38]

0.81 ( − 0.03, 1.64)

 + 10% [41, 50] 0.24 ( − 0.23, 0.70)

 + 15% [25] 0.25 ( − 0.63, 1.13)

 + 30% [25] 0.24 ( − 0.64, 1.12)

Instantaneous vertical 
loading rate

 + 7.5% (post 8 sessions) 
[40]

1.08 (0.33, 1.83)  − 15% [25]  − 0.39 ( − 1.27, 0.50)

 + 7.5% (post 4 weeks) [40] 1.12 (0.37, 1.87)  − 30% [25]  − 1.23 ( − 2.20,  − 0.25)
 + 7.5% (post 12 weeks) 
[38]

0.71 ( − 0.12, 1.54)

 + 10% [41, 49]  − 0.04 ( − 0.50, 0.42)

 + 15% [25] 0.34 ( − 0.55, 1.22)

 + 30% [25] 0.29 ( − 0.60, 1.17)

Vertical ground reaction 
force

 + 5% [49] 0.08 ( − 0.33, 0.50)  − 5% [49]  − 0.17 ( − 0.58, 0.25)

 + 10% [33, 49] 0.24 ( − 0.11, 0.59)  − 10% [49]  − 0.24 ( − 0.65, 0.18)

 + 30% [54] 0.29 ( − 0.59, 1.17)  − 30% [54]  − 2.27 ( − 3.45,  − 1.09)
Vertical ground reaction 
force impulse

 + 10% [30] 1.15 (0.46, 1.84)  − 10% [30]  − 1.15 ( − 1.84,  − 0.46)

Vertical impact peak  + 7.5% (post 12 weeks) 
[38]

0.64 ( − 0.18, 1.47)  − 15% [25]  − 0.28 ( − 1.17, 0.60)

 + 10% 0.07 ( − 0.57, 0.71)  − 30% [25]  − 0.90 ( − 1.83, 0.03)

 + 15% [25] 0.15 ( − 0.73, 1.02)

 + 30% [25] 0.08 ( − 0.80, 0.96)

Time from initial contact to 
impact peak

 + 7.5% (post 12 weeks) 
[38]

 − 0.21 ( − 1.01. 0.59)

Impact attenuation  + 10% [44]  − 0.31 ( − 0.96, 0.33)  − 10% [44] 0.52 ( − 0.13, 1.17)

Braking impulse  + 5% [49] 0.38 ( − 0.04, 0.80)  − 5% [49]  − 0.35 ( − 0.76, 0.07)

 + 10% [30, 49] 0.64 (0.29, 1.00)  − 10% [30, 49]  − 0.73 ( − 1.08,  − 0.37)
Head impact acceleration 
peak

 + 10% [31] 0.15 ( − 0.65, 0.95)  − 10% [31]  − 0.07 ( − 0.87, 0.73)

 + 20% [31] 0.07 ( − 0.73, 0.87)  − 20% [31]  − 0.66 ( − 1.49, 0.16)

Head active acceleration 
peak

 + 10% [31] 0.29 ( − 0.52, 1.09)  − 10% [31]  − 0.14 ( − 0.94, 0.66)

 + 20% [31] 0.63 ( − 0.20, 1.45)  − 20% [31]  − 0.41 ( − 1.22, 0.40)

Head signal power magni-
tude (3–8 Hz)

 + 10% [31] 0.26 ( − 0.55, 1.06)  − 10% [31]  − 0.18 ( − 0.98, 0.63)

 + 20% [31] 0.53 ( − 0.29, 1.34)  − 20% [31]  − 0.36 ( − 1.17, 0.44)

Head signal power magni-
tude (9–20 Hz)

 + 10% [31]  − 0.05 ( − 0.86, 0.75)  − 10% [31]  − 0.08 ( − 0.88, 0.72)

 + 20% [31]  − 0.46 ( − 1.27, 0.36)  − 20% [31]  − 0.47 ( − 1.28, 0.34)

Shock attenuation (active 
phase)

 + 10% [31]  − 0.60 ( − 1.42, 0.22)  − 10% [31] 0.15 ( − 0.65, 0.95)

 + 20% [31]  − 0.82 ( − 1.66, 0.02)  − 20% [31]  − 0.01 ( − 0.81, 0.79)

Shock attenuation (impact 
phase)

 + 10% [31]  − 0.16 ( − 0.96, 0.64)  − 10% [31] 0.28 ( − 0.52, 1.09)

 + 20% [31]  − 0.44 ( − 1.25, 0.37)  − 20% [31] 0.15 ( − 0.66, 0.95)
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Table 7 Pooled and single study results for kinetic, kinematic and muscle activation variables at the foot, ankle and lower leg

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

Kinetics Peak tibial acceleration  + 10% [31, 41, 44, 50] 0.06 ( − 0.29, 0.42)  − 10% [31, 44]  − 0.42 ( − 0.93, 0.08)

 + 20% [31] 0.08 ( − 0.72, 0.88)  − 20% [31]  − 1.13 ( − 2.01,  − 0.26)
Tibial signal power magnitude 
(3–8 Hz)

 + 10% [31] 0.34 ( − 0.46, 1.15)  − 10% [31]  − 0.41 ( − 1.22, 0.40)

 + 20% [31] 0.54 ( − 0.28, 1.36)  − 20% [31]  − 0.92 ( − 1.76,  − 0.07)
Tibial signal power magnitude 
(9–20 Hz)

 + 10% [31] 0.05 ( − 0.75, 0.85)  − 10% [31]  − 0.18 ( − 0.99, 0.62)

 + 20% [31] 0.01 ( − 0.79, 0.81)  − 20% [31]  − 0.57 ( − 1.39, 0.25)

Leg compression  + 30% [54] 3.83 (2.24, 5.42)  − 30% [54]  − 2.42 ( − 3.64,  − 1.21)
Leg stiffness  + 7.5% (at 12 − weeks) [38]  − 0.61 ( − 1.43, 0.22)

 + 30% [54]  − 1.37 ( − 2.37,  − 0.38)  − 30% [54] 0.42 ( − 0.46, 1.31)

Negative ankle work  + 5% [49] 0.05 ( − 0.36, 0.46)  − 5% [49] 0.07 ( − 0.34, 0.49)

 + 10% [44, 49] 0.01 ( − 0.33, 0.36)  − 10% [44, 49] 0.38 (0.03, 0.73)
Positive ankle work  + 5% [49] 0.33 ( − 0.09, 0.75)  − 5% [49]  − 0.46 ( − 0.88,  − 0.04)

 + 10% [49] 0.74 (0.31, 1.16)  − 10% [49]  − 0.86 ( − 1.29,  − 0.42)
Average positive ankle power (stance)  + 8% [26] 0.18 [ − 0.52, 0.87]  − 8% [26]  − 0.39 [ − 1.09, 0.31]

 + 15% [26] 0.54 [ − 0.17, 1.24]  − 15% [26]  − 1.07 [ − 1.82,  − 0.33]
Average positive ankle power (swing)  + 8% [26] 0.00 [ − 0.69, 0.69]  − 8% [26] 0.97 [0.24, 1.71]

 + 15% [26] 0.00 [ − 0.69, 0.69]  − 15% [26] 0.97 [0.24, 1.71]
Plantarflexion moment  + 10% [33]  − 0.06 ( − 0.70, 0.58)

Vertical foot velocity at initial contact  + 5% [45] 0.12 ( − 0.75, 1.00)  − 5% [45]  − 0.37 ( − 1.26, 0.52)

 + 10% [45] 0.14 ( − 0.74, 1.01)  − 10% [45]  − 0.54 ( − 1.43, 0.36)

Horizontal foot velocity at initial 
contact

 + 5% [45]  − 0.15 ( − 1.03, 0.73)  − 5% [45] 0.14 ( − 0.74, 1.02)

 + 10% [45]  − 0.11 ( − 0.98, 0.77)  − 10% [45] 0.17 ( − 0.70, 1.05)

Average MGAS muscle activation  + 8% [26] 0.11 [ − 0.58, 0.81]  − 8% [26] 0.31 [ − 0.38, 1.01]

 + 15% [26] 0.00 [ − 0.69, 0.69]  − 15% [26] 0.13 [ − 0.56, 0.83]

Average LGAS muscle activation  + 8% [26] 0.00 [ − 0.69, 0.69]  − 8% [26]  − 0.10 [ − 0.79, 0.59]

 + 15% [26] 0.05 [ − 0.65, 0.74]  − 15% [26]  − 0.28 [ − 0.98, 0.41]

Average SOL muscle activation  + 8% [26] 0.30 [ − 0.40, 1.00]  − 8% [26] 0.26 [ − 0.44, 0.95]

 + 15% [26] 0.49 [ − 0.22, 1.19]  − 15% [26]  − 0.05 [ − 0.75, 0.64]

Average TA muscle activation  + 8% [26] 0.05 [ − 0.64, 0.74]  − 8% [26]  − 2.78 [ − 3.78,  − 1.77]
 + 15% [26]  − 0.05 [ − 0.74, 0.64]  − 15% [26]  − 0.05 [ − 0.74, 0.64]

TA muscle activity – stance 0–15%  + 5% [32]  − 0.33 ( − 0.74, 0.09)

 + 10% [32] 0.00 ( − 0.41, 0.41)

TA muscle activity—stance 30–50%  + 5% [32]  − 0.20 ( − 0.61, 0.22)

 + 10% [32]  − 0.59 ( − 1.02,  − 0.17)
TA muscle activity—swing 80–90%  + 5% [32] 0.33 ( − 0.09, 0.75)

 + 10% [32] 0.33 ( − 0.09, 0.75)

TA muscle activity—swing 90–100%  + 5% [32]  − 0.28 ( − 0.70, 0.13)

 + 10% [32]  − 0.72 ( − 1.15,  − 0.29)
MGAS muscle activity—stance 0–15%  + 5% [32] 0.00 ( − 0.41, 0.41)

 + 10% [32] 0.00 ( − 0.41, 0.41)

MGAS muscle activity—swing 80–90%  + 5% [32]  − 0.22 ( − 0.63, 0.20)

 + 10% [32]  − 0.45 ( − 0.86,  − 0.03)
MGAS muscle activity—swing 
90–100%

 + 5% [32] 0.00 ( − 0.41, 0.41)

 + 10% [32]  − 0.40 ( − 0.82, 0.02)

GASTROC peak force  + 10% [30] 0.77 (0.11, 1.43)  − 10% [30]  − 0.61 ( − 1.26, 0.04)

GASTROC impulse  + 10% [30] 0.33 ( − 0.31, 0.97)  − 10% [30]  − 0.77 ( − 1.43,  − 0.11)
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Table 7 (continued)

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

GASTROC impulse/km  + 10% [30] 0.60 ( − 0.05, 1.25)  − 10% [30]  − 0.80 ( − 1.46,  − 0.13)
Peak SOL muscle force  + 10% [36] 0.37 ( − 0.14, 0.88)  − 10% [36]  − 0.51 ( − 1.03, 0.00)

Peak MGAS muscle force—late stance 
/ early swing (0–40%)

 + 10% [36] 0.14 ( − 0.37, 0.64)  − 10% [36] 0.29 ( − 0.22, 0.80)

Peak MGAS muscle force—late swing 
(80–99%)

 + 10% [36]  − 0.28 ( − 0.79, 0.23)  − 10% [36] 0.26 ( − 0.25, 0.77)

Peak TA muscle force  + 10% [36] 0.11 ( − 0.40, 0.62)  − 10% [36] 0.33 ( − 0.18, 0.84)

Rearfoot peak pressure  + 5% [35, 39] 0.18 ( − 0.15, 0.51)  − 5% [35, 39]  − 0.14 ( − 0.48, 0.19)

 + 10% [35] 0.31 ( − 0.19, 0.80)  − 10% [35]  − 0.35 ( − 0.84, 0.14)

180spm [57] 0.30 ( − 0.50, 1.11)

Midfoot peak pressure  + 5% [35] 0.08 ( − 0.41, 0.57)  − 5% [35] 0.03 ( − 0.46, 0.52)

 + 10% [35] 0.25 ( − 0.24, 0.74)  − 10% [35] 0.05 ( − 0.44, 0.54)

180spm [57] 0.14 ( − 0.66, 0.94)

Medial forefoot peak pressure  + 5% [35]  − 0.06 ( − 0.55, 0.43)  − 5% [35] 0.03 ( − 0.46, 0.52)

 + 10% [35]  − 0.05 ( − 0.54, 0.44)  − 10% [35]  − 0.02 ( − 0.51, 0.47)

Lateral forefoot peak pressure  + 5% [35] 0.06 ( − 0.43, 0.55)  − 5% [35] 0.03 ( − 0.46, 0.52)

 + 10% [35] 0.07 ( − 0.42, 0.56)  − 10% [35] 0.09 ( − 0.40, 0.58)

Hallux peak pressure  + 5% [35] 0.04 ( − 0.45, 0.53)  − 5% [35]  − 0.09 ( − 0.58, 0.40)

 + 10% [35] 0.06 ( − 0.43, 0.55)  − 10% [35]  − 0.08 ( − 0.57, 0.41)

Rearfoot max force  + 5% [35, 39] 0.17 ( − 0.16, 0.50)  − 5% [35, 39]  − 0.14 ( − 0.47, 0.19)

 + 10% [35] 0.30 ( − 0.19, 0.79)  − 10% [35]  − 0.27 ( − 0.76, 0.22)

180spm [57] 1.29 (0.39, 2.18)
Midfoot max force  + 5% [35] 0.10 ( − 0.39, 0.59)  − 5% [35] 0.05 ( − 0.44, 0.54)

 + 10% [35] 0.21 ( − 0.28, 0.70)  − 10% [35] 0.04 ( − 0.45, 0.53)

180spm [57] 0.54 ( − 0.27, 1.36)

Medial forefoot max force  + 5% [35] 0.00 ( − 0.49, 0.49)  − 5% [35]  − 0.01 ( − 0.50, 0.48)

 + 10% [35] 0.00 ( − 0.49, 0.49)  − 10% [35]  − 0.01 ( − 0.50, 0.48)

Lateral forefoot max force  + 5% [35] 0.09 ( − 0.40, 0.58)  − 5% [35] 0.04 ( − 0.45, 0.53)

 + 10% [35] 0.13 ( − 0.37, 0.62)  − 10% [35] 0.10 ( − 0.39, 0.59)

Hallux max force  + 5% [35] 0.05 ( − 0.44, 0.54)  − 5% [35]  − 0.11 ( − 0.60, 0.38)

 + 10% [35] 0.11 ( − 0.38, 0.60)  − 10% [35]  − 0.13 ( − 0.62, 0.36)

Rearfoot contact area  + 5% [35] 0.06 ( − 0.43, 0.55)  − 5% [35] 0.00 ( − 0.49, 0.49)

 + 10% [35] 0.12 ( − 0.37, 0.61)  − 10% [35]  − 0.04 ( − 0.53, 0.45)

Midfoot contact area  + 5% [35] 0.03 ( − 0.46, 0.52)  − 5% [35] 0.06 ( − 0.43, 0.55)

 + 10% [35] 0.05 ( − 0.44, 0.54)  − 10% [35] 0.04 ( − 0.45, 0.53)

Medial forefoot contact area  + 5% [35] 0.00 ( − 0.49, 0.49)  − 5% [35] 0.04 ( − 0.45, 0.53)

 + 10% [35] 0.00 ( − 0.49, 0.49)  − 10% [35] 0.04 ( − 0.45, 0.53)

Lateral forefoot contact area  + 5% [35] 0.02 ( − 0.47, 0.51)  − 5%[35] 0.04 ( − 0.45, 0.53)

 + 10% [35] 0.02 ( − 0.47, 0.51)  − 10% [35] 0.04 ( − 0.45, 0.53)

Hallux contact area  + 5% [35] 0.00 ( − 0.49, 0.49)  − 5% [35] 0.00 ( − 0.49, 0.49)

 + 10% [35] 0.00 ( − 0.49, 0.49)  − 10% [35] 0.05 ( − 0.44, 0.54)

Rearfoot contact time  + 5% [35, 39]  − 0.07 ( − 0.41, 0.26)  − 5% [35, 39]  − 0.23 ( − 0.56, 0.10)

 + 10% [35]  − 0.16 ( − 0.65, 0.33)  − 10% [35]  − 0.35 ( − 0.85, 0.14)

Midfoot contact time  + 5% [35]  − 0.28 ( − 0.77, 0.22)  − 5% [35]  − 0.27 ( − 0.76, 0.23)

 + 10% [35]  − 0.15 ( − 0.64, 0.34)  − 10% [35]  − 0.26 ( − 0.75, 0.23)

Medial forefoot contact time  + 5% [35]  − 0.30 ( − 0.79, 0.19)  − 5% [35]  − 0.08 ( − 0.57, 0.41)

 + 10% [35]  − 0.26 ( − 0.75, 0.23)  − 10% [35]  − 0.13 ( − 0.63, 0.36)

Lateral forefoot contact time  + 5% [35]  − 0.27 ( − 0.76, 0.22)  − 5% [35]  − 0.10 ( − 0.59, 0.39)

 + 10% [35]  − 0.24 ( − 0.73, 0.26)  − 10% [35]  − 0.15 ( − 0.64, 0.34)

Hallux contact time  + 5% [35]  − 0.19 ( − 0.68, 0.30)  − 5% [35]  − 0.04 ( − 0.53, 0.45)
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Kinematics: In recreational runners, increasing step 
rate by 10% was associated with strong evidence of 
reduced peak knee flexion angle (3HQ [29, 33, 34] and 
2MQ [47, 49]; 0.66, 0.40 to 0.92; I2 = 0%); and moderate 
evidence of no difference in average knee flexion at initial 
contact (1HQ [34] and 2MQ [45, 49]; − 0.23, − 0.53 to 
0.07; I2 = 0%). Increasing step rate by 5% was associated 
with limited evidence of no difference in average knee 
flexion at initial contact (2 MQ [45, 49]; − 0.19, − 0.57 to 
0.18; I2 = 0%).

In recreational runners, reducing step rate by 10% was 
associated with limited evidence of no difference in aver-
age knee flexion at initial contact (2 MQ [45, 49]; 0.18, 
− 0.20 to 0.55; I2 = 0%). Reducing step rate by 5% was 
associated with limited evidence of no difference in aver-
age knee flexion at initial contact (2 MQ [45, 49]; 0.15, 
− 0.22 to 0.53; I2 = 0%).

Hip Thirteen studies [23, 24, 26, 32–34, 36, 38, 41, 44, 45, 
49, 51, 55] evaluated 67 biomechanical variables at the hip. 

Table 7 (continued)

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

 + 10% [35]  − 0.13 ( − 0.62, 0.36)  − 10% [35]  − 0.08 ( − 0.57, 0.41)

Total foot contact time  + 5% [39] 0.30 ( − 0.15, 0.75)  − 5% [39]  − 0.20 ( − 0.65, 0.25)

Medial forefoot contact time  + 5% [39] 0.21 ( − 0.24, 0.66)  − 5% [39]  − 0.21 ( − 0.66, 0.24)

Central forefoot contact time  + 5% [39] 0.19 ( − 0.26, 0.64)  − 5% [39]  − 0.25 ( − 0.70, 0.20)

Lateral forefoot contact time  + 5% [39] 0.26 ( − 0.19, 0.72)  − 5% [39]  − 0.15 ( − 0.60, 0.30)

Heel force time integral  + 5% [39] 0.26 ( − 0.19, 0.71)  − 5% [39]  − 0.04 ( − 0.49, 0.41)

Medial forefoot force time integral  + 5% [39] 0.17 ( − 0.28, 0.62)  − 5% [39]  − 0.16 ( − 0.61, 0.29)

Central forefoot force time integral  + 5% [39] 0.21 ( − 0.24, 0.66)  − 5% [39]  − 0.21 ( − 0.66, 0.24)

Lateral forefoot force time integral  + 5% [39] 0.10 ( − 0.35, 0.55)  − 5% [39]  − 0.10 ( − 0.55, 0.35)

Total foot peak force  + 5% [39] 0.12 ( − 0.33, 0.57)  − 5% [39] 0.05 ( − 0.40, 0.50)

Medial forefoot peak force  + 5% [39] 0.06 ( − 0.39, 0.51)  − 5% [39]  − 0.11 ( − 0.56, 0.34)

Central forefoot peak force  + 5% [39] 0.05 ( − 0.40, 0.50)  − 5% [39]  − 0.05 ( − 0.50, 0.40)

Lateral forefoot peak force  + 5% [39] 0.00 ( − 0.45, 0.45)  − 5% [39]  − 0.07 ( − 0.52, 0.38)

Total foot peak pressure  + 5% [39] 0.08 ( − 0.37, 0.53)  − 5% [39]  − 0.20 ( − 0.65, 0.25)

Medial forefoot peak pressure  + 5% [39] 0.18 ( − 0.27, 0.63)  − 5% [39] 0.08 ( − 0.37, 0.53)

Central forefoot peak pressure  + 5% [39] 0.08 ( − 0.37, 0.53)  − 5% [39]  − 0.06 ( − 0.51, 0.39)

Lateral forefoot peak pressure  + 5% [39] 0.29 ( − 0.16, 0.74)  − 5% [39] 0.20 ( − 0.25, 0.66)

Heel pressure time integral  + 5% [39] 0.28 ( − 0.17, 0.73)  − 5% [39]  − 0.06 ( − 0.51, 0.39)

Medial forefoot pressure time integral  + 5% [39] 0.28 ( − 0.17, 0.73)  − 5% [39] 0.02 ( − 0.43, 0.47)

Central forefoot pressure time integral  + 5% [39] 0.18 ( − 0.27, 0.63)  − 5% [39]  − 0.15 ( − 0.60, 0.30)

Lateral forefoot pressure time integral  + 5% [39] 0.33 ( − 0.12, 0.78)  − 5% [39] 0.03 ( − 0.42, 0.48)

Forefoot max force 180spm [57] 0.78 ( − 0.05, 1.62)

Forefoot max pressure 180spm [57] 0.47 ( − 0.34, 1.28)

Kinematics Average ankle PF/DF at IC  + 5% [45] 0.05 ( − 0.83, 0.92)  − 5% [45] 0.13 ( − 0.75, 1.01)

 + 10% [34, 45] 0.23 ( − 0.20, 0.57)  − 10% [45]  − 0.26 ( − 1.14, 0.63)

Foot strike angle  + 5% [22, 49] 0.39 (0.09, 0.69)  − 5% [49]  − 0.13 ( − 0.55, 0.28)

 + 7.5% (at 12 − weeks) [38] 0.99 (0.13, 1.84)
 + 10% [22, 33, 49] 0.62 (0.34, 0.90)  − 10% [49]  − 0.27 ( − 0.68, 0.15)

 + 15% [22] 1.19 (0.71, 1.67)
Average ankle PF/DF during stance  + 10% [34] 0.06 ( − 0.43, 0.56)

Peak ankle PF/DF during stance  + 10% [34] 0.85 (0.33, 1.37)
Max DF during stance  + 7.5% (at 12 − weeks) [38]  − 0.09 ( − 0.89, 0.71)

Peak rearfoot eversion angle  + 10% [47] 0.04 ( − 0.84, 0.92)

Peak rearfoot eversion % of GC  + 10% [47] 0.08 ( − 0.80, 0.96)

Peak shank IR angle  + 10% [47] 0.02 ( − 0.86, 0.89)

Peak shank IR % of GC  + 10% [47]  − 0.87 ( − 1.8, 0.05)

SMD ± 95% CI are provided for each percentage increase or decrease in running step rate. SMD ± 95% CI presented in bold are statistically significant

Abbreviations: DF dorsiflexion, GASTROC gastrocnemius, GC gait cycle, IC initial contact, LGAS lateral gastrocnemius, MGAS medial gastrocnemius, PF plantarflexion, 
SOL soleus, TA tibialis anterior
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Table 8 Pooled and single study results for kinetic, kinematic and muscle activation variables at the knee

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

Kinetics Peak patellar tendon force  + 10% [36] 0.68 (0.16, 1.21)  − 10% [36]  − 0.72 ( − 1.24,  − 0.19)
Peak PFJ stress  + 10% [29, 33] 0.56 (0.07, 1.05)
Peak PFJ reaction force  + 10% [29] 0.66 ( − 0.07, 1.40)

PFJS-time integral  + 10% [33] 0.65 ( − 0.01, 1.30)

PFJS-time integral/km  + 10% [5] 0.49 ( − 0.16, 1.14)

Peak knee extensor moment  + 5% [49] 0.17 ( − 0.25, 0.58)  − 5% [49]  − 0.33 ( − 0.75, 0.09)

 + 10% [29, 33, 49] 0.50 (0.18, 0.81)  − 10% [49]  − 0.33 ( − 0.75, 0.09)

Negative knee work  + 5% [49]  − 0.51 ( − 0.93,  − 0.09)  − 5% [49] 0.50 (0.08, 0.91)
 + 10% [44, 49]  − 0.84 ( − 1.20,  − 0.48)  − 10% [44, 49] 0.88 (0.52, 1.25)

Positive knee work  + 5% [49] 0.49 (0.07, 0.91)  − 5% [49]  − 0.21 ( − 0.62, 0.21)

 + 10% [49] 0.75 (0.32, 1.18)  − 10% [49]  − 0.53 ( − 0.95,  − 0.10)
Average positive knee power 
(stance)

 + 8% [26] 0.41 [ − 0.29, 1.11]  − 8% [26]  − 0.22 [ − 0.92, 0.47]

 + 15% [26] 0.68 [ − 0.04, 1.39]  − 15% [26]  − 0.47 [ − 1.17, 0.24]

Average positive knee power 
(swing)

 + 8% [26] 0.22 [ − 0.48, 0.91]  − 8% [26] 0.00 [ − 0.69, 0.69]

 + 15% [26] 0.22 [ − 0.48, 0.91]  − 15% [26] 0.22 [ − 0.48, 0.91]

Eccentric knee work per stance  + 7.5% (8 sessions) [40] 1.02 (0.27, 1.76)
 + 7.5% (4 − weeks) [40] 0.79 (0.07, 1.51)

Eccentric knee work per km  + 7.5% (8 sessions) [40] 0.02 ( − 0.68, 0.71)

 + 7.5% (4 − weeks) [40] 0.57 ( − 0.14, 1.28)

Max knee flexion velocity dur-
ing stance

 + 5% [45] 0.28 ( − 0.61, 1.16)  − 5% [45]  − 0.28 ( − 1.17, 0.60)

 + 10% [45] 0.67 ( − 0.24, 1.57)  − 10% [45]  − 0.92 ( − 1.86, 0.01)

VL muscle activity—stance 
0–15%

 + 5% [32] 0.18 ( − 0.24, 0.59)

 + 10% [32] 0.17 ( − 0.25, 0.58)

VL muscle activity—swing 
80–90%

 + 5% [32]  − 0.44 ( − 0.86,  − 0.02)

 + 10% [32]  − 0.43 ( − 0.85,  − 0.01)
VL muscle activity—swing 
90–100%

 + 5% [32] 0.12 ( − 0.30, 0.53)

 + 10% [32] 0.11 ( − 0.30, 0.52)

RF muscle activity—stance 
0–15%

 + 5% [32] 0.09 ( − 0.32, 0.51)

 + 10% [32] 0.00 ( − 0.41, 0.41)

RF muscle activity—
stance30–50%%

 + 5% [32] 0.00 ( − 0.41, 0.41)

 + 10% [32]  − 0.42 ( − 0.84, 0.00)

RF muscle activity—swing 
80–90%

 + 5% [32] 0.00 ( − 0.41, 0.41)

 + 10% [32]  − 0.23 ( − 0.64, 0.18)

RF muscle activity—swing 
90–100%

 + 5% [32]  − 0.39 ( − 0.81, 0.03)

 + 10% [32]  − 0.78 ( − 1.21,  − 0.35)
LHAMS muscle activity—stance 
0–15%

 + 5% [32] 0.00 ( − 0.41, 0.41)

 + 10% [32]  − 0.15 ( − 0.56, 0.27)

LHAMS muscle activity—swing 
70–80%

 + 5% [32] 0.12 ( − 0.29, 0.54)

 + 10% [32]  − 0.26,  − 0.68, 0.15)
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Table 8 (continued)

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

LHAMS muscle activity—swing 
80–90%

 + 5% [32]  − 0.10 ( − 0.51, 0.31)

 + 10% [32]  − 0.16 ( − 0.58, 0.25)

LHAMS muscle activity—swing 
90–100%

 + 5% [32]  − 0.10 ( − 0.52, 0.31)

 + 10% [32] 0.00 ( − 0.41, 0.41)

MHAMS muscle activity—
stance 0–15%

 + 5% [32]  − 0.22 ( − 0.63, 0.20)

 + 10% [32]  − 0.20 ( − 0.61, 0.22)

MHAMS muscle activity—swing 
70–80%

 + 5% [32]  − 0.12 ( − 0.54, 0.29)

 + 10% [32]  − 0.40 ( − 0.81, 0.02)

MHAMS muscle activity—swing 
80–90%

 + 5% [32] 0.09 ( − 0.33, 0.50)

 + 10% [32]  − 0.08 ( − 0.49, 0.34)

MHAMS muscle activity—swing 
90–100%

 + 5% [32]  − 0.20 ( − 0.61, 0.22)

 + 10% [32]  − 0.10 ( − 0.52, 0.31)

BF positive work  + 10% [51] 0.00 ( − 0.51, 0.51)  − 10% [51] 0.06 ( − 0.44, 0.57)

BF negative work  + 10% [51] 0.25 ( − 0.26, 0.75)  − 10% [51]  − 0.07 ( − 0.57, 0.44)

SMEM positive work  + 10% [51] 0.00 ( − 0.51, 0.51)  − 10% [51]  − 0.27 ( − 0.78, 0.23)

SMEM negativework  + 10% [51] 0.44 ( − 0.07, 0.95  − 10% [51]  − 0.24 ( − 0.75, 0.27)

RF positive work  + 10% [51] 0.29 ( − 0.22, 0.80)  − 10% [51]  − 0.22 ( − 0.73, 0.29)

RF negative work  + 10% [51]  − 0.12 ( − 0.62, 0.39)  − 10% [51] 0.22 ( − 0.29, 0.73)

Hamstring peak force  + 10% [30] 0.06 ( − 0.57, 0.70)  − 10% [30]  − 1.28 ( − 1.98,  − 0.57)
Hamstring impulse  + 10% [30] 0.28 ( − 0.36, 0.92)  − 10% [30]  − 0.24 ( − 0.88, 0.39)

Hamstring impulse/km  + 10% [30] 0.00 ( − 0.64, 0.64)  − 10% [30]  − 0.11 ( − 0.74, 0.53)

Quadriceps peak force  + 10% [30] 1.87 (1.09, 2.64)  − 10% [30]  − 1.82 ( − 2.59,  − 1.05)
Quadriceps impulse  + 10% [30] 0.71 (0.05, 1.37)  − 10% [30]  − 0.89 ( − 1.56,  − 0.22)
Quadriceps impulse/km  + 10% [30] 0.31 ( − 0.33, 0.95)  − 10% [30]  − 0.46 ( − 1.10, 0.19)

Peak VL muscle force  + 10% [36] 0.76 (0.24, 1.29)  − 10% [36]  − 0.81 ( − 1.34,  − 0.28)
Peak RF muscle force  + 10% [36]  − 0.21 ( − 0.72, 0.30)  − 10% [36] 0.44 ( − 0.08, 0.95)

Peak BF muscle force  + 10% [36] 0.00 ( − 0.51, 0.51)  − 10% [36] 0.56 (0.05, 1.08)
Peak SMEM muscle force  + 10% [36]  − 0.20 ( − 0.71, 0.31)  − 10% [36] 0.59 (0.07, 1.11)
Peak BF muscle force—stance  + 10% [50]  − 0.24 ( − 0.75, 0.27)  − 10% [50] 0.18 ( − 0.33, 0.68)

Peak BF muscle force—late 
swing

 + 10% [50]  − 0.06 ( − 0.57, 0.44)  − 10% [50] 0.53 (0.02, 1.05)

Peak SMEM muscle force—
stance

 + 10% [50]  − 0.27 ( − 0.78, 0.24)  − 10% [50] 0.20 ( − 0.31, 0.71)

Peak SMEM muscle force—late 
swing

 + 10% [51]  − 0.19 ( − 0.70, 0.32)  − 10% [51] 0.60 (0.08, 1.12)

Peak RF muscle force—stance  + 10% [51] 0.37 ( − 0.14, 0.88)  − 10% [51]  − 0.36 ( − 0.87, 0.15)

Peak RF muscle force—early 
swing

 + 10% [51]  − 0.68 ( − 1.20,  − 0.15)  − 10% [51] 0.47 ( − 0.04, 0.98)

Kinematics Peak knee flexion angle  + 5% [49] 0.47 (0.05, 0.89)  − 5% [49]  − 0.37 ( − 0.78, 0.05)

 + 7.5% (at 12 weeks) [38] 0.39 ( − 0.42, 1.20)

 + 10% [29, 33, 34, 47, 49] 0.66 (0.40, 0.92)  − 10% [49]  − 0.92 ( − 1.35,  − 0.48)
 + 10% (at 4 − weeks) [23] 0.91 (0.06, 1.76)
 + 10% (at 12 − weeks) [23] 0.60 ( − 0.22, 1.43)

Peak knee flexion % of GC  + 10% [47]  − 0.44 ( − 1.33, 0.45)
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Twelve studies [23, 26, 32–34, 36, 38, 41, 44, 45, 49, 51, 55] 
evaluated biomechanical differences between running with 
a preferred step rate and an increased step rate, while seven 
studies [24, 26, 36, 44, 45, 49, 51] evaluated biomechanical 
differences between running with a preferred step rate and 
a reduced step rate.

Kinetics: In recreational runners, increasing step rate by 
10% was associated with limited evidence of reduced nega-
tive hip work (2 MQ [44, 49]; 0.55, 0.91 to 0.20; I2 = 0%). In 
recreational runners, reducing step rate by 10% was associ-
ated with limited evidence of increased negative hip work 
(2 MQ [44, 49]; − 0.67, − 1.02 to − 0.31; I2 = 0%).

Kinematics: In recreational runners, increasing step rate 
by 10% was associated with moderate evidence of reduced 
peak hip adduction during stance phase (2HQ [34, 41] and 
1MQ [49]; 0.40, 0.11 to 0.69; I2 = 0%); and limited evidence 
of reduced peak hip flexion during stance phase (1HQ [34] 
and 1MQ [49]; 0.42, 0.10 to 0.75; I2 = 0%), no difference in 
average hip flexion at initial contact (1HQ [34] and 1MQ 
[45]; 0.14, − 0.29 to 0.57; I2 = 0%) and no difference in peak 
hip internal rotation during stance phase (1HQ [34] and 
1MQ [49]; 0.07, − 0.25 to 0.38; I2 = 0%).

Trunk and  Pelvis Five studies [23, 24, 33, 34, 44] evalu-
ated five biomechanical variables at the trunk and pelvis 
(Table  10). Four studies [23, 33, 34, 44] evaluated biome-

chanical differences between running with a preferred step 
rate and an increased step rate, while two studies [24, 44] 
evaluated biomechanical differences between running with 
a preferred step rate and a reduced step rate.

Kinetics: No data pooling was possible for any trunk or 
pelvis kinetic findings.

Kinematics: In recreational runners, increasing step rate 
by 10% was associated with moderate evidence of no dif-
ference in average trunk flexion during stance phase (2 HQ 
[33, 34]; 0.00, − 0.39 to 0.39; I2 = 0%).

Discussion
This systematic review summarises the literature and 
provides a meta-analysis to estimate the effects of chang-
ing running step rate on injury, performance and biome-
chanics. Findings indicate there is insufficient evidence 
to conclusively determine the effects of altering running 
step rate on injury and performance. However, a large 
body of biomechanical research that can guide clinical 
practice and future research was identified. Our meta-
analysis found that increasing running step rate gen-
erally results in a reduction (or no change) in kinetic, 
kinematic, and loading rate variables at the ankle, knee, 
and hip. In contrast, reducing running step rate gener-
ally resulted in an increase (or no change) in kinetic, kin-
ematic, and loading rate variables.

Table 8 (continued)

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

Knee flexion excursion  + 10% [47] 1.67 (0.62, 2.73)
Average knee ADD/ABD at IC  + 10% [34]  − 0.10 ( − 0.60, 0.40)

Average knee ADD/ABD during 
stance phase

 + 10% [34]  − 0.06 ( − 0.56, 0.44)

Peak knee ADD/ABD during 
stance phase

 + 10% [34] 0.17 ( − 0.33, 0.66)

Average knee ER at IC  + 10% [34]  − 0.11 ( − 0.61, 0.39)

Average knee ER during stance 
phase

 + 10% [34]  − 0.03 ( − 0.53, 0.46)

Peak knee ER during stance 
phase

 + 10% [34]  − 0.09 ( − 0.59, 0.41)

Peak knee IR angle  + 10% [46]  − 0.14 ( − 1.02, 0.73)

Peak knee IR % of GC  + 10% [47]  − 0.29 ( − 1.17, 0.59)

Average knee flexion at IC  + 5% [45, 49]  − 0.19 ( − 0.57, 0.18)  − 5% [45, 49] 0.15 ( − 0.22, 0.53)

 + 10% [34, 45, 49]  − 0.23 ( − 0.53, 0.07)  − 10% [45, 49] 0.18 ( − 0.20, 0.55)

Average knee flexion during 
stance phase

 + 10% [34] 0.28 ( − 0.22, 0.78)

SMD ± 95% CI are provided for each percentage increase or decrease in running step rate. SMD ± 95% CI presented in bold are statistically significant

Abbreviations: ABD abduction, ADD adduction, BF bicep femoris, ER external rotation, GC gait cycle, IC initial contact, LHAMS lateral hamstring, MHAMS medial 
hamstring, PFJ patellofemoral joint, PFJS patellofemoral joint stress, RF rectus femoris, SMEM semimembranosus, VL vastus lateralis
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Table 9 Pooled and single study results for kinetic, kinematic and muscle activation variables at thehip

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

Kinetics Hip extension moment at IC  + 5% [49]  − 0.20 ( − 0.61, 0.22)  − 5% [49] 0.00 ( − 0.41, 0.41)

 + 10% [49]  − 0.20 ( − 0.61, 0.22)  − 10% [49] 0.20 ( − 0.22, 0.61)

Hip extensor moment during 
stance phase

 + 10% [33] 0.18 ( − 0.45, 0.82)

Peak hip abduction moment  + 5% [49] 0.00 ( − 0.41, 0.41)  − 5% [49] 0.00 ( − 0.41, 0.41)

 + 10% [49] 0.25 ( − 0.17, 0.66)  − 10% [49]  − 0.22 ( − 0.63, 0.20)

Peak hip IR moment  + 5% [49] 0.00 ( − 0.41, 0.41)  − 5% [49] 0.00 ( − 0.41, 0.41)

 + 10% [49] 0.50 (0.08, 0.92)  − 10% [49]  − 0.50 ( − 0.92,  − 0.08)

Negative hip work  + 5% [49]  − 0.25 ( − 0.66, 0.17)  − 5% [49] 0.26 ( − 0.15, 0.68)

 + 10% [44, 49]  − 0.55 ( − 0.91,  − 0.20)  − 10% [44, 49]  − 0.67 ( − 1.02,  − 0.31)

Positive hip work  + 5% [49] 0.04 ( − 0.37, 0.46)  − 5% [49]  − 0.20 ( − 0.61, 0.22)

 + 10% [49] 0.13 ( − 0.28, 0.54)  − 10% [49]  − 0.49 ( − 0.91,  − 0.07)

Average positive hip power 
(stance)

 + 8% [26] 0.14 [ − 0.55, 0.83]  − 8% [26]  − 0.07 [ − 0.76, 0.62]

 + 15% [26] 0.31 [ − 0.39, 1.01]  − 15% [26]  − 0.42 [ − 1.12, 0.28]

Average positive hip power 
(swing)

 + 8% [26]  − 0.82 [ − 1.55,  − 0.10]  − 8% [26] 0.63 [ − 0.08, 1.35]

 + 15% [26]  − 1.61 [ − 2.42,  − 0.80]  − 15% [26] 1.13 [0.38, 1.88]

GMAX muscle activity—stance 
0–15%

 + 5% [32]  − 0.11 ( − 0.52, 0.30)

 + 10% [32]  − 0.33 ( − 0.74, 0.09)

GMAX muscle activity—swing 
80–90%

 + 5% [32]  − 0.15 ( − 0.57, 0.26)

 + 10% [32]  − 0.60 ( − 1.02,  − 0.18)

GMAX muscle activity—swing 
90–100%

 + 5% [32]  − 0.17 ( − 0.58, 0.24)

 + 10% [32]  − 0.34 ( − 0.76, 0.07)

GMED muscle activity—stance 
0–15%

 + 5% [32]  − 0.10 ( − 0.51, 0.31)

 + 10% [32]  − 0.30 ( − 0.71, 0.12)

GMED muscle activity—swing 
80–90%

 + 5% [32]  − 0.33 ( − 0.75, 0.09)

 + 10% [32]  − 0.70 ( − 1.13,  − 0.27)

GMED muscle activity—swing 
90–100%

 + 5% [32]  − 0.12 ( − 0.54, 0.29)

 + 10% [32]  − 0.46 ( − 0.88,  − 0.04)

GMAX positive work  + 10% [51] 0.37 ( − 0.14, 0.88)  − 10% [51]  − 0.64 ( − 1.16,  − 0.12)

GMAX negative work  + 10% [51]  − 0.37 ( − 0.88, 0.14)  − 10% [51] 0.54 (0.02, 1.05)

GMED positive work  + 10% [51] 0.88 (0.34, 1.41)  − 10% [51]  − 0.88 ( − 1.41,  − 0.35)

GMED negative work  + 10% [51]  − 0.85 ( − 1.37,  − 0.32)  − 10% [51] 0.28 ( − 0.23, 0.79)

GMIN positive work  + 10% [51] 0.72 (0.20, 1.24)  − 10% [51]  − 0.42 ( − 0.94, 0.09)

GMIN negative work  + 10% [51]  − 0.69 ( − 1.21,  − 0.17)  − 10% [51] 0.00 ( − 0.51, 0.51)

TFL positive work  + 10% [51] 0.20 ( − 0.31, 0.70)  − 10% [51] 0.00 ( − 0.51, 0.51)



Page 32 of 41Anderson et al. Sports Medicine - Open           (2022) 8:112 

Table 9 (continued)

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

TFL negative work  + 10% [51]  − 0.28 ( − 0.79, 0.23)  − 10% [51] 0.00 ( − 0.51, 0.51)

SART positive work  + 10% [51]  − 0.33 ( − 0.84, 0.18)  − 10% [51] 0.00 ( − 0.51, 0.51)

SART negative work  + 10% [51]  − 0.62 ( − 1.14,  − 0.11)  − 10% [51] 0.62 (0.11, 1.14)

Psoas positive work  + 10% [51] 0.00 ( − 0.51, 0.51)  − 10% [51] 0.04 ( − 0.47, 0.54)

Psoas negative work  + 10% [51]  − 0.25 ( − 0.76, 0.25)  − 10% [51] 0.23 ( − 0.28, 0.74)

Iliacus positive work  + 10% [51]  − 0.55 ( − 1.06,  − 0.03)  − 10% [51] 0.58 (0.06, 1.10)

Iliacus negative work  + 10% [51]  − 0.13 ( − 0.64, 0.38)  − 10% [51] 0.33 ( − 0.18, 0.84)

ADDMAG positive work  + 10% [51] 0.21 ( − 0.30, 0.72)  − 10% [51]  − 0.21 ( − 0.72, 0.30)

ADDMAG negative work  + 10% [51]  − 0.56 ( − 1.07,  − 0.04)  − 10% [51] 0.22 ( − 0.29, 0.73)

ADDBREV positive work  + 10% [51] 0.07 ( − 0.43, 0.58)  − 10% [51] 0.21 ( − 0.30, 0.72)

ADDBREV negative work  + 10% [51]  − 0.49 ( − 1.00, 0.02)  − 10% [51] 0.20 ( − 0.31, 0.70)

ADDLONG positive work  + 10% [51] 0.10 ( − 0.40, 0.61)  − 10% [51] 0.21 ( − 0.30, 0.72)

ADDLONG negative work  + 10% [51]  − 0.44 ( − 0.95, 0.08)  − 10% [51] 0.36 ( − 0.15, 0.87)

Piriformis positive work  + 10% [51] 0.28 ( − 0.23, 0.79)  − 10% [51]  − 0.44 ( − 0.95, 0.08)

Piriformis negative work  + 10% [51]  − 0.22 ( − 0.73, 0.29)  − 10% [51] 0.36 ( − 0.15, 0.87)

Peak GMED muscle force—late 
stance / early swing (0–40%)

 + 10% [36] 0.90 (0.37, 1.43)  − 10% [36]  − 0.54 ( − 1.05,  − 0.02)

Peak GMED muscle force—late 
swing (80–99%)

 + 10% [36]  − 0.32 ( − 0.83, 0.19)  − 10% [36] 0.49 ( − 0.02, 1.01)

Peak GMAX muscle force—late 
stance / early swing (0–40%)

 + 10% [36] 0.57 (0.05, 1.09)  − 10% [36]  − 0.78 ( − 1.30,  − 0.25)

Peak GMAX muscle force—late 
swing (80–99%)

 + 10% [36]  − 0.07 ( − 0.58, 0.43)  − 10% [36] 0.33 ( − 0.18, 0.84)

Peak GMED muscle force—
stance

 + 10% [51] 0.88 (0.34, 1.41)  − 10% [51]  − 0.54 ( − 1.05,  − 0.02)

Peak GMED muscle force—late 
swing

 + 10% [51]  − 0.31 ( − 0.82, 0.20)  − 10% [51] 0.44 ( − 0.07, 0.96)

Peak GMIN muscle force—
stance

 + 10% [51] 0.61 (0.09, 1.13)  − 10% [51]  − 0.32 ( − 0.83, 0.19)

Peak GMIN muscle force—early 
swing

 + 10% [51] 0.08 ( − 0.43, 0.59)  − 10% [51] 0.41 ( − 0.10, 0.92)

Peak GMIN muscle force—late 
swing

 + 10% [51]  − 0.28 ( − 0.79, 0.23)  − 10% [51] 0.40 ( − 0.11, 0.91)

Peak GMAX muscle force—
stance

 + 10% [51] 0.42 ( − 0.09, 0.93)  − 10% [51]  − 0.71 ( − 1.24,  − 0.19)

Peak GMAX muscle force—late 
swing

 + 10% [51]  − 0.07 ( − 0.58, 0.43)  − 10% [51] 0.33 ( − 0.18, 0.84)

Peak TFL muscle force—early 
swing

 + 10% [51]  − 0.36 ( − 0.87, 0.15)  − 10% [51] 0.37 ( − 0.14, 0.88)

Peak SART muscle force—early 
swing

 + 10% [51]  − 0.54 ( − 1.06,  − 0.03)  − 10% [51] 0.35 ( − 0.16, 0.86)

Peak psoas muscle force—early 
swing

 + 10% [51]  − 0.05 ( − 0.56, 0.45)  − 10% [51] 0.12 ( − 0.38, 0.63)

Peak iliacus muscle force—early 
swing

 + 10% [51]  − 0.29 ( − 0.80, 0.22)  − 10% [51] 0.44 ( − 0.08, 0.95)

Peak ADDMAG muscle force—
stance

 + 10% [51] 0.08 ( − 0.42, 0.59)  − 10% [51]  − 0.34 ( − 0.85, 0.17)
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Injury
Despite coaches and clinicians commonly increasing 
running step rate in the management of running injuries 
[8], only two studies [23, 55] have evaluated the effect 
of this practice on clinical outcomes in injured runners. 
These studies indicate that increasing preferred running 
step rate by 7.5% (mean baseline preferred step rate: 163 
per minute) [55] and 10% (mean baseline preferred step 
rate: 166 per minute) [23] is associated with improved 
pain and function in runners with patellofemoral pain at 

4 weeks [23], 6 weeks [55], and 3 months [23]. Although 
these findings are promising, neither study used a con-
trol or comparator group, limiting the ability to evalu-
ate efficacy. With this in mind, it is worth noting that 
a clinical trial, not included in this review due to using 
a combined running retraining strategy, found that 
increasing step rate by 7.5% to 10% in conjunction with 
other retraining strategies (instruction to run softer and 
adopt a non-rearfoot strike pattern if deemed neces-
sary) did not provide additional benefits in runners with 

Table 9 (continued)

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

Peak ADDBREV muscle force—
early swing

 + 10% [51]  − 0.18 ( − 0.69, 0.32)  − 10% [51] 0.32 ( − 0.19, 0.83)

Peak ADDLONG muscle force—
early swing

 + 10% [51]  − 0.11 ( − 0.61, 0.40)  − 10% [51] 0.05 ( − 0.45, 0.56)

Peak piriformis muscle force—
stance

 + 10% [51] 0.45 ( − 0.06, 0.96)  − 10% [51]  − 0.47 ( − 0.98, 0.05)

Peak piriformis muscle force—
early swing

 + 10% [51]  − 0.65 ( − 1.17,  − 0.13)  − 10% [51] 0.63 (0.11, 1.15)

Peak piriformis muscle force—
late swing

 + 10% [51]  − 0.09 ( − 0.60, 0.41)  − 10% [51] 0.15 ( − 0.36, 0.66)

Kinematics Average hip flexion at IC  + 5% [45] 0.06 ( − 0.81, 0.94)  − 5% [45]  − 0.03 ( − 0.91, 0.85)

 + 10% [34, 45] 0.14 ( − 0.29, 0.57)  − 10% [45]  − 0.35 ( − 1.23, 0.54)

Average hip flexion during 
stance phase

 + 10% [34] 0.07 ( − 0.42, 0.57)

Peak hip flexion during stance 
phase

 + 5% [49] 0.25 ( − 0.16, 0.67)  − 5% [49]  − 0.21 ( − 0.62, 0.20)

 + 7.5% (post 12 weeks) [38] 0.05 ( − 0.75, 0.85)

 + 10% [34, 49] 0.42 (0.10, 0.75)  − 10% [49]  − 0.71 ( − 1.13,  − 0.28)

Average hip adduction at IC  + 10% [34]  − 0.03 ( − 0.53, 0.47)

Average hip adduction during 
stance phase

 + 10% [34] 0.00 ( − 0.49, 0.50)

Peak hip adduction during 
stance phase

 + 5% [49] 0.28 ( − 0.14, 0.69)  − 5% [49]  − 0.12 ( − 0.53, 0.29)

 + 7.5% (post 8 sessions) [40] 0.72 ( − 0.00, 1.44)

 + 7.5% (post 4 weeks) [40] 0.59( − 0.12, 1.30)

 + 10% [34, 41, 49] 0.40 (0.11, 0.69)  − 10% [49]  − 0.26 ( − 0.67, 0.16)

Average hip IR at IC  + 10% [34] 0.18 ( − 0.32, 0.68)

Average hip IR during stance 
phase

 + 10% [34] 0.02 ( − 0.48, 0.52)

Peak hip IR during stance phase  + 5% [49] 0.02 ( − 0.39, 0.44)  − 5% [49]  − 0.09 ( − 0.50, 0.32)

 + 10% [34, 49] 0.07 ( − 0.25, 0.38)  − 10% [49]  − 0.19 ( − 0.61, 0.22)

 + 10% (post 4 weeks) [23]  − 0.01 ( − 0.81, 0.79)

 + 10% (post 12 weeks) [23]  − 0.04 ( − 0.84, 0.76)

Hip extension  − 10% [24] 0.71 (0.07, 1.35)

SMD ± 95% CI are provided for each percentage increase or decrease in running step rate. SMD ± 95% CI presented in bold are statistically significant

Abbreviations: ADDBREV adductor brevis, ADDLONG adductor longus, ADDMAG adductor magnus, GMAX gluteus maximus, GMED gluteus medius, GMIN gluteus 
minimus, IC initial contact, IR internal rotation, SART  sartorius, TFL tensor fasciae latae
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patellofemoral symptoms compared to education about 
symptom management and training modification [15]. 
Considering these findings, and those from the two case-
series studies included in this review, high-quality clinical 
trials are required to establish the efficacy of increasing 
running step rate for the management of patellofemoral 
pain, and other common running-related injuries.

Performance
This review found insufficient evidence to determine the 
effect of changing running step rate on performance. Five 
studies focussed on surrogate measures of performance 
inclusive of  VO2 [42, 53], RPE [49], metabolic cost [26], 
awkwardness [50], and effort [50]. Although findings 
from these studies indicated that increasing step rate may 
have a detrimental effect on some subjective measures of 
performance (e.g. RPE, effort and a feeling of awkward-
ness), there was no evidence to indicate a detrimental 
effect on physiological measures of running performance 
(e.g.  VO2). Of note, very limited evidence from a recent 
cross-sectional study found that changing a runner’s pre-
ferred step rate results in an increase in metabolic energy 
consumption, proposed to result from large increases in 
positive ankle power when decreasing step rate, and large 
increases in positive hip power when increasing step rate 
[26, 51]. The studies included in this review relate to the 
immediate effect of changing step rate on performance, 
and as such the long-term effect of a change in step rate 
after a period of habituation remains unknown.

Biomechanics
The findings from this review provide some biomechani-
cal rationale for increasing running step rate to reduce 
numerous kinetic, kinematic, and loading rate variables 
at the ankle, knee and hip, while also resulting in changes 
to spatiotemporal measures.

As expected, pooled data provide moderate evidence 
that increasing and decreasing running step rate by 10% 

results in a shorter and longer step length, respectively. 
Additionally, limited evidence indicated an increase in 
contact time when step rate is reduced by 10%. How-
ever, limited evidence indicated that a 10% increase in 
step rate provides no effect on contact time. Single stud-
ies (not included in meta-analysis) provide very limited 
evidence that contact time decreased with a 15% and 
30% increase in step rate, but this was not observed with 
smaller increases in step rate (5% and 8%). While shorter 
contact time is associated with faster running speeds, 
the effect on performance is not known [59, 60]. Further, 
very limited evidence indicated a reduction in COM to 
heel distance with a 10% increase in step rate, which is 
consistent with the finding that a shorter step length is 
associated with an increase in step rate. Although chang-
ing running step rate has been shown to provide effects 
on spatiotemporal measures, any clinical benefits from 
these changes remain unknown as there is a lack of evi-
dence linking spatiotemporal gait parameters to running 
injuries [61].

The relationship between vertical ground reaction 
forces and running-related injury has been extensively 
researched, with vertical loading rate reported to have 
the most consistent association with injury [62–64]. 
Pooled data from this review provide limited evidence 
that increasing step rate does not change peak vertical 
ground reaction force, average vertical loading rate, and 
vertical instantaneous loading rate [1, 5, 10, 11]. These 
findings were consistent across multiple single stud-
ies and included step rate increases from 5 to 30%. In 
contrast, however, a single study found that in-field gait 
retraining (8 sessions in 4 weeks to increase running step 
rate by 7.5%) in runners with high impact forces reduced 
average vertical load rate and vertical instantaneous load 
rate [40]. A possible explanation for this finding, com-
pared to other studies, is they included a targeted pop-
ulation of runners with high impact loads (≥ 85 body 
weights/second in either limb). Limited evidence from 

Table 10 Pooled and single study results for kinetic, kinematic and muscle activation variables at trunk and pelvis

SMD ± 95% CI are provided for each percentage increase or decrease in running step rate. SMD ± 95% CI presented in bold are statistically significant

Abbreviations: IC initial contact

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR

Kinetics Peak sacral acceleration  + 10% [44]  − 0.63 ( − 1.29, 0.02)  − 10% [44] 0.05 ( − 0.59, 0.68)

Kinematics Average trunk flexion during stance phase  + 10% [33, 34] 0.00 ( − 0.39, 0.39)

Average trunk flexion at IC  + 10% [34]  − 0.01 ( − 0.51, 0.49)

Peak trunk flexion during stance phase  + 10% [34] 0.05 ( − 0.45, 0.55)

Pelvic tilt  − 10% [24] 1.40 (0.70, 2.10)
Peak contralateral pelvic drop  + 10% (post 4 weeks) [23] 1.39 (0.48, 2.30)

 + 10% (post 12 weeks) [23] 1.39 (0.48, 2.30)
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Table 11 Segment coordination and coordination variability results from single studies

Variables Preferred SR versus Increased SR

Segment Coordination Sagittal thigh versus sagittal shank: terminal swing in-phase  + 10% [47]  − 0.11 ( − 0.98, 0.77)

Sagittal thigh versus sagittal shank: terminal swing anti-phase  + 10% [47]  − 0.98 ( − 1.91,  − 0.04)

Sagittal thigh versus sagittal shank: terminal swing distal segment  + 10% [47] 0.11 ( − 0.77, 0.98)

Sagittal thigh versus sagittal shank: terminal swing prox segment  + 10% [47] 0.98 (0.04, 1.91)

Sagittal thigh versus sagittal shank: early stance in-phase  + 10% [47]  − 0.16 ( − 1.04, 0.72)

Sagittal thigh versus sagittal shank: early stance anti-phase  + 10% [47]  − 0.14 ( − 1.01, 0.74)

Sagittal thigh versus sagittal shank: early stance proximal segment  + 10% [47] 0.31 ( − 0.57, 1.19)

Sagittal thigh versus sagittal shank: mid stance in-phase  + 10% [47]  − 0.86 ( − 1.79, 0.06)

Sagittal thigh versus sagittal shank: mid stance distal segment  + 10% [47] 0.74 ( − 0.17, 1.65)

Sagittal thigh versus sagittal shank: mid stance proximal segment  + 10% [47]  − 0.36 ( − 1.24, 0.53)

Sagittal thigh versus sagittal shank: late stance in-phase  + 10% [47]  − 0.65 ( − 1.56, 0.25)

Sagittal thigh versus sagittal shank: late stance distal segment  + 10% [47] 0.46 ( − 0.43, 1.35)

Sagittal thigh versus sagittal shank: late stance proximal segment  + 10% [47] 0.32 ( − 0.56, 1.20)

Sagittal thigh versus transverse shank: terminal swing in-phase  + 10% [47]  − 0.11 ( − 0.99, 0.77)

Sagittal thigh versus transverse shank: terminal swing anti-phase  + 10% [47]  − 0.05 ( − 0.93, 0.82)

Sagittal thigh versus transverse shank: terminal swing distal segment  + 10% [47] 0.38 ( − 0.51, 1.27)

Sagittal thigh versus transverse shank: terminal swing proximal segment  + 10% [47]  − 0.62 ( − 1.52, 0.28)

Sagittal thigh versus transverse shank: early stance in-phase  + 10% [47]  − 0.32 ( − 1.20, 0.57)

Sagittal thigh versus transverse shank: early stance anti-phase  + 10% [47] 0.17 ( − 0.70, 1.05)

Sagittal thigh versus transverse shank: early stance distal segment  + 10% [47] 0.00 ( − 0.88, 0.88)

Sagittal thigh versus transverse shank: early stance proximal segment  + 10% [47] 0.35 ( − 0.53, 1.24)

Sagittal thigh versus transverse shank: mid stance in-phase  + 10% [47] 0.46 ( − 0.44, 1.35)

Sagittal thigh versus transverse shank: mid stance anti-phase  + 10% [47] 0.34 ( − 0.54, 1.23)

Sagittal thigh versus transverse shank: mid stance distal segment  + 10% [47]  − 0.48 ( − 1.37, 0.41)

Sagittal thigh versus transverse shank: mid stance proximal segment  + 10% [47] 0.20 ( − 0.68, 1.08)

Sagittal thigh versus transverse shank: late stance in-phase  + 10% [47] 0.19 ( − 1.07, 0.69)

Sagittal thigh versus transverse shank: late stance anti-phase  + 10% [47] 1.01 (0.06, 1.95)

Sagittal thigh versus transverse shank: late stance distal segment  + 10% [47]  − 0.47 ( − 1.36, 0.42)

Sagittal thigh versus transverse shank: late stance proximal segment  + 10% [47]  − 0.29 ( − 1.17, 0.59)

Transverse thigh versus transverse shank: terminal swing in-phase  + 10% [47]  − 0.32 ( − 1.20, 0.57)

Transverse thigh versus transverse shank: terminal swing anti-phase  + 10% [47]  − 0.31 ( − 1.19, 0.58)

Transverse thigh versus transverse shank: terminal swing distal segment  + 10% [47] 0.53 ( − 0.37, 1.43)

Transverse thigh versus transverse shank: terminal swing proximal segment  + 10% [47]  − 0.04 ( − 0.91, 0.84)

Transverse thigh versus transverse shank: early stance in-phase  + 10% [47]  − 0.31 ( − 1.19, 0.58)

Transverse thigh versus transverse shank: early stance anti-phase  + 10% [47] 0.31 ( − 0.58, 1.19)

Transverse thigh versus transverse shank: early stance distal segment  + 10% [47]  − 0.06 ( − 0.93, 0.82)

Transverse thigh versus transverse shank: early stance proximal segment  + 10% [47] 0.00 ( − 0.88, 0.88)

Transverse thigh versus transverse shank: mid stance in-phase  + 10% [47]  − 0.63 ( − 1.54, 0.27)
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Table 11 (continued)

Variables Preferred SR versus Increased SR

Transverse thigh versus transverse shank: mid stance anti-phase  + 10% [47] 0.00 ( − 0.88, 0.88)

Transverse thigh versus transverse shank: mid stance distal segment  + 10% [47] 0.12 ( − 0.75, 1.00)

Transverse thigh versus transverse shank: mid stance proximal segment  + 10% [47] 0.39 ( − 0.50, 1.27)

Transverse thigh versus transverse shank: late stance in-phase  + 10% [47] 0.10 ( − 0.78, 0.97)

Transverse thigh versus transverse shank: late stance anti-phase  + 10% [47] 0.03 ( − 0.84, 0.91)

Transverse thigh versus transverse shank: late stance distal segment  + 10% [47]  − 0.57 (1.47, 0.32)

Transverse thigh versus transverse shank: late stance proximal segment  + 10% [47] 0.33 ( − 0.55, 1.22)

Transverse shank versus frontal rearfoot: terminal swing in-phase  + 10% [47] 0.00 ( − 0.88, 0.88)

Transverse shank versus frontal rearfoot: terminal swing anti-phase  + 10% [47]  − 0.31 ( − 1.20, 0.57)

Transverse shank versus frontal rearfoot: terminal swing distal segment  + 10% [47] 0.09 ( − 0.79, 0.96)

Transverse shank versus frontal rearfoot: terminal swing proximal segment  + 10% [47] 0.21 ( − 0.66, 1.09)

Transverse shank versus frontal rearfoot: early stance in-phase  + 10% [47] 0.09 ( − 0.79, 0.96)

Transverse shank versus frontal rearfoot: early stance anti-phase  + 10% [47]  − 0.08 ( − 0.95, 0.80)

Transverse shank versus frontal rearfoot: early stance distal segment  + 10% [47]  − 0.10 ( − 0.97, 0.78)

Transverse shank versus frontal rearfoot: early stance proximal segment  + 10% [47] 0.18 ( − 0.70, 1.06)

Transverse shank versus frontal rearfoot: mid stance in-phase  + 10% [47] 0.39 ( − 0.50, 1.28)

Transverse shank versus frontal rearfoot: mid stance anti-phase  + 10% [47]  − 0.20 ( − 1.08, 0.68)

Transverse shank versus frontal rearfoot: mid stance distal segment  + 10% [47]  − 0.66 ( − 1.56, 0.25)

Transverse shank versus frontal rearfoot: mid stance proximal segment  + 10% [47] 0.00 ( − 0.88, 0.88)

Transverse shank versus frontal rearfoot: late stance in-phase  + 10% [47] 0.40 ( − 0.49, 1.29)

Transverse shank versus frontal rearfoot: late stance distal segment  + 10% [47]  − 0.40 ( − 1.28, 0.49)

Transverse shank versus frontal rearfoot: late stance proximal segment  + 10% [47]  − 0.11 ( − 0.99, 0.77)

Coordination Variability Sagittal thigh versus sagittal shank: terminal swing  + 10% [47] 0.49 ( − 0.41, 1.38)

Sagittal thigh versus sagittal shank: early stance  + 10% [47]  − 0.33 ( − 1.22, 0.55)

Sagittal thigh versus sagittal shank: mid stance  + 10% [47]  − 0.17 ( − 1.05, 0.71)

Sagittal thigh versus sagittal shank: late stance  + 10% [47] 0.41 ( − 0.48, 1.30)

Sagittal thigh versus transverse shank: terminal swing  + 10% [47]  − 0.11 ( − 0.99, 0.77)

Sagittal thigh versus transverse shank: early stance  + 10% [47] 1.70 (0.64, 2.75)

Sagittal thigh versus transverse shank: mid stance  + 10% [47] 0.80 ( − 0.12, 1.71)

Sagittal thigh versus transverse shank: late stance  + 10% [47] 0.74 ( − 0.17, 1.65)

Transverse thigh versus transverse shank: terminal swing  + 10% [47]  − 0.08 ( − 0.95, 0.80)

Transverse thigh versus transverse shank: early stance  + 10% [47] 1.18 (0.22, 2.15)

Transverse thigh versus transverse shank: mid stance  + 10% [47] 0.49 ( − 0.40, 1.39)

Transverse thigh versus transverse shank: late stance  + 10% [47]  − 0.02 ( − 0.09, 0.85)

Transverse shank versus frontal forefoot: terminal swing  + 10% [47] 1.33 (0.34, 2.32)

Transverse shank versus frontal forefoot: early stance  + 10% [47] 0.44 ( − 0.45, 1.33)

Transverse shank versus frontal forefoot: mid stance  + 10% [47]  − 0.02 ( − 0.90, 0.86)

Transverse shank versus frontal forefoot: late stance  + 10% [47]  − 0.20 ( −1.08, 0.68)

SMD ± 95% CI are provided for each percentage increase or decrease in running step rate. SMD ± 95% CI presented in bold are statistically significant
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single studies indicates an increase in vertical ground 
reaction force, average vertical loading rate, and vertical 
instantaneous loading rate with a 30% reduction in step 
rate [25, 54]. However, this finding was not observed with 
smaller reductions in step rate (5% to 15%). We found 
limited evidence that a reduction in braking impulse is 
associated with a 10% increase in step rate [30, 49]. Peak 
braking force is an impact variable likely to be of interest 
to runners as it been identified as a predictor of running-
related injuries [65]. It would therefore be beneficial if 
further studies could confirm if braking impulse can be 
reduced by increasing step rate, and ideally explore if this 
reduces injury risk in runners.

At the foot and ankle, limited evidence indicated a 
reduction in negative ankle work with a reduced step 
rate, and moderate evidence identified a reduction in 
foot strike angle with an increase in step rate. This lat-
ter finding is likely to be of interest to coaches and run-
ners as reducing foot strike angle, or converting to a 
non-rearfoot strike pattern, are other commonly used 
running retraining strategies [8]. The findings of this 

review indicate that increasing running step rate may be 
a relatively safe running retraining strategy if attempting 
to reduce foot strike angle, as it achieves this goal while 
providing an overall reduction in kinetic, kinematic and 
loading rate variables. All other biomechanical variables 
included in this review indicate no effect at the foot and 
ankle with a change in step rate.

The biomechanical effects observed at the knee with 
an increase in step rate provide rationale for potential 
clinical benefits of running-related knee injuries, such as 
patellofemoral pain. An increase in running step rate was 
associated with strong evidence of a reduction in peak 
knee flexion angle [29, 33, 34, 47, 49], moderate evidence 
of a reduction in patellofemoral joint stress [29, 33] and 
peak knee extensor moment [29, 33, 49], and limited evi-
dence of a decrease in negative knee work [44, 49]. Two 
studies that reported a reduction in patellofemoral joint 
stress and peak knee extensor moment with an increase 
in step rate made these observations in runners with 
patellofemoral pain [29, 33]. It is biologically plausible 
that reducing patellofemoral joint stress and peak knee 

INCREASED STEP RATE REDUCED STEP RATE

Foot & Ankle 
↓ Posi�ve ankle work (+10%)
↓ Gastrocnemius peak force (+10%)
↓ Rearfoot max force (180spm)
↓ Peak stance phase PF / DF (+10%)
↓ Leg compression (+30%)
↓ Foot strike angle (+5%, +10%, +15%)

↑ Leg s�ffness (+30%)
↑ TA ac�vity (stance 30-50%) (+10%)
↑ TA ac�vity (swing 90-100%) (+10%)
↑ Medial gastrocnemius (swing 80-90%) (+10%)

GRF & Loading Rate
↓ Braking impulse (+10%)
↓ VGRF impulse (+10%)

Gait
↑ Ini�al contact to heel distance (-10%)
↑ Contact �me (-10%)
↑ Step length (-8%, -10%, -15%)
↑ COM ver�cal excursion (-5%, -10%)
↑ Flight �me (-10%, -30%)
↑ Downward displacement COM (-30%)

GRF & Loading Rate
↑ Braking impulse (-10%) 
↑ VGRF impulse (-10%)
↑ VGRF (-30%)
↑ IVLR (-30%)
↑ AVLR (-30%)

Hip & Pelvis
↓ Peak IR moment (+10%)
↓ Glute med. posi�ve work (+10%)
↓ Glute min. posi�ve work (+10%)
↓ Glute med. peak force (stance) (+10%)
↓ Glute max force (late stance / early swing) (+10%)
↓ Glute med force (late stance / early swing) (+10%)
↓ Glute min. peak force (stance) (+10%)
↓ Peak hip flexion (stance) (+10%)
↓ Peak hip adduc�on (stance) (+10%)
↓ Nega�ve hip work (+10%)

↑ Av. posi�ve hip power during swing (+8%, +15%)
↑ Glute max. ac�vity (swing 8090%) (+10%)
↑ Glute med. Ac�vity (swing 8090%) (+10%)
↑ Glute med. nega�ve work (+10%)
↑ Glute min. nega�ve work (+10%)
↑ Peak sartorius force (early swing) (+10%)
↑ Peak piriformis force (early swing) (+10%)
↑ Sartorius nega�ve work (+10%)
↑ Iliacus posi�ve work (+10%)
↑ Adductor magnus nega�ve work (+10%)

Knee
↓ Peak PFJ stress (+10%)
↓ Peak patella tendon force (+10%)
↓ Peak knee extensor moment (+10%)
↓ Posi�ve knee work (+5%, +10%)
↓ Nega�ve knee work (+5%, +10%)
↓ Quadriceps peak force (+10%)
↓ Quadriceps impulse (+10%)
↓ Peak VL muscle force (+10%)
↓ Peak knee flexion (+5%, +10%)
↓ Knee flexion excursion (+10%)

↑ VL ac�vity (swing 8090%) (+5%, +10%)
↑ RF ac�vity (swing 8090%) (+10%)
↑ Peak RF muscle force (early swing) (+10%)

Gait
↓ Ini�al contact to heel distance (+10%)
↓ Step length (+8%, +10%, 180spm)
↓ Contact �me (+15%, +30%)
↓ COM ver�cal excursion (+5%, +10%)
↓ Flight �me (+10%, +30%)
↓ Downward displacement COM (+30%)

Foot & Ankle 
↑ Nega�ve ankle work (-10%)
↑ Peak �bial accelera�on (-20%)
↑ Posi�ve ankle work (-5%, -10%)
↑ Gastrocnemius impulse (-10%)
↑ Gastrocnemius impulse / km (-10%)
↑ Leg compression (-30%)
↑ Av. TA muscle ac�va�on (-8%)

Hip & Pelvis
↑ Peak IR moment (-10%)
↑ Posi�ve hip work (-10%)
↑ Nega�ve hip work (-10%)
↑ Glute max. posi�ve work (-10%)
↑ Glute med. posi�ve work (-10%)
↑ Glute med. peak force (stance) (-10%)
↑ Glute max force (stance) (-10%)
↑ Glute max. force (late stance / early swing) (-
10%)
↑ Glute med. force (late stance / early swing) (-
10%)
↑ Peak hip flexion (stance) (-10%)

↓ Av. Posi�ve hip power during swing (-15%)
↓ Glute max. nega�ve work (-10%)
↓ Sartorius nega�ve work (-10%)
↓ Iliacus posi�ve work (-10%)
↓ Peak piriformis force (early swing) (-10%)
↓ Hip extension (-10%)
↓ Pelvic �lt (-10%)Knee

↑ Peak patella tendon force (-10%)
↑ Posi�ve knee work (-10%)
↑ Nega�ve knee work (-5%, -10%)
↑ Hamstring peak force (-10%)
↑ Quadriceps peak force (-10%)
↑ Quadriceps impulse (-10%)
↑ Peak VL muscle force (-10%)
↑ Peak knee flexion 

↓ Peak BF muscle force (-10%)
↓ Peak SMem muscle force (-10%)
↓ Peak BF muscle force (late swing) (-10%)
↓ Peak SMem muscle force (late swing) ( -10%)

Other
↓ Sag. thigh vs sag. shank: terminal swing 
prox. seg. (+10%)
↓ Sag. thigh vs trans. shank: late stance an�-
phase (+10%)
↓ Sag. thigh vs trans. shank: early stance 
(+10%)
↓ Trans. thigh vs trans. shank: early stance 
(+10%)
↓ Trans. thigh vs frontal forefoot: terminal 
swing (+10%)

↑ Sag. thigh vs sag. shank: terminal swing 
an�-phase (+10%)

Fig. 2 Significant biomechanical variables with changes in running step rate. Note: Changes in running step rate are provided in brackets next to 
each biomechanical variable (e.g. + 10% = 10% increase in habitual running step rate). Effect size of change is indicated by the colour of the text 
used to note the percentage change in running step rate (e.g. + 10% in red = small effect size with a 10% increase in habitual running step rate; 
orange = medium effect size; green = large effect size). AV average, AVLR average vertical loading rate, BF bicep femoris, COM centre of mass, DF 
dorsiflexion, GLUTE MAX gluteus maximus, GLUTE MED gluteus medius, GLUTE MIN gluteus minimus, IR internal rotation, IVLR instantaneous vertical 
loading rate, PFJ patellofemoral joint, PF plantarflexion, PROX proximal, RF rectus femoris, SAG sagittal, SEG segment, SMEM semimembranosus, TA 
tibialis anterior, TRANS transverse, VGRF verticl ground reaction orce, VL vasus lateralis
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extensor moments at the site of injured tissue is likely to 
provide benefits in pain and function. Combined with 
the clinical benefits reported in case-series studies of 
increasing step rate in runners with patellofemoral pain, 
these biomechanical findings justify the need for clinical 
trials to establish efficacy of increasing step rate in run-
ners with patellofemoral pain.

At the hip, moderate evidence indicated a reduction 
in peak hip adduction during stance phase with a 10% 
increase in step rate. As greater peak hip adduction dur-
ing running has previously been associated with com-
mon running injuries inclusive of patellofemoral pain, 
ITB friction syndrome and gluteal tendinopathy [66], it 
could be hypothesised that increasing step rate could be 
clinically beneficial in the management of these injuries. 
Of interest, a reduction in peak hip adduction was also 
observed at 4 weeks and 12 weeks post gait retraining to 
increase running step rate by 10% [23], indicating that 
changes can be maintained over time. Limited evidence 
indicated an increase in step rate reduces both hip flex-
ion during stance and negative hip work, with the latter 
finding being of particularly interest given that reducing 
negative hip work has been theorised to be beneficial in 
the management of running injuries, due to its associa-
tion with improved lower limb alignment at initial con-
tact [49].

At the trunk and pelvis, no data were able to be pooled 
and most findings indicate that changing running step 
rate does not change biomechanical variables. The excep-
tions were very limited evidence from single studies 
indicating reduced pelvic tilt immediately, and reduced 
contralateral pelvic drop at 4  weeks and 12  weeks post, 
an increase in running step rate by 10% [23].

Our review found that many biomechanical vari-
ables can be altered by instructing a runner to increase 
or decrease their preferred step rate, but it is difficult 
to determine if the biomechanical variations occur to 
achieve the goal of a change in step rate or are a result 
of a change. Therefore, the biomechanical findings of this 
review reflect what occurs in clinical practice, whether a 
mechanism or outcome, when runners are instructed to 
change their step rate.

Clinical Implications
Insufficient evidence exists to determine the effects of 
increasing running step rate on injury and performance. 
Therefore, the rationale for its use largely relies on the 
knowledge that numerous biomechanical variables can 
be changed with each step, as found in this review. At 
present, there is no evidence to guide clinicians in iden-
tifying runners most likely to benefit from an increase in 
running step rate. Clinicians will therefore need to deter-
mine its appropriateness based on each runner’s clinical 

presentation, short- and long-term running goals, and a 
runner’s desire to change their running gait.

It is also noteworthy that the studies included in this 
systematic review predominantly included recreational 
runners, and consideration must therefore be given to 
the potential differences in response among elite athletes.

If an increase in running step rate is adopted by an 
injured runner, any reduction in biomechanical load at 
the site of injury could help to reduce pain, and poten-
tially maintain running load. Increasing step rate may 
only be required in the short-term, allowing for a con-
tinuation of running while the injury is rehabilitated. The 
runner may then be able to return to their preferred step 
rate once the injury is resolved. A long-term change in 
a runner’s preferred step rate may be warranted where 
a chronic running-related injury is being managed, or 
where the runner’s preferred step rate is considered by 
the clinician as being a factor for ongoing injury risk [8]. 
It is worth noting that multiple single studies looking at 
increasing step rate as a running retraining intervention 
found that increases in step rate were maintained across 
time frames from 12 to 12 weeks [23, 27, 40].

Consideration must also be given to baseline step rate 
before determining the appropriateness of implement-
ing a change in step rate. Mean baseline values for step 
rate reported in studies within this review range from 
160 [56] to 172 steps per minute [33], with an increase 
in reported step rate values as high as 192 steps per min-
ute with a 15% increase [19]. It is likely that the observed 
effects that occur when a runner changes their step rate 
are likely to be dependent on each runner’s preferred step 
rate, which was not explored by any study included in 
this review.

Clinicians, coaches, and runners need to be mindful 
that any observed reduction in kinetic, kinematic or load-
ing rate variables per step may be off-set by the increased 
number of steps taken per minute of running (up to 30% 
in some studies)—possibly leading to an equal or greater 
accumulation of loading over a set distance or time. Such 
consideration is important, as most running-related inju-
ries are proposed to result from an accumulation of tissue 
load, rather than just the magnitude of each application 
of load. Of interest, one study has investigated the effects 
of running with a shortened step length (i.e. increased 
step rate) on patellofemoral kinetics with each step and 
over a set distance, finding that patellofemoral kinetics 
decreased by 15 to 20% with each step and decreased by 9 
to 12% per kilometre [18]. Despite these promising find-
ings, given the uncertainty regarding other biomechani-
cal variables, when runners are increasing their running 
step rate, a transition period may be necessary to allow 
adaption to any new tissue loads experienced with the 
change in running gait.
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Limitations and Future Directions
The findings of this review need to be considered in 
the context of five key limitations. First, there is lim-
ited research on the effects of changes in step rate on 
injury and performance, which are likely to be the main 
motivators for changing running step rate among run-
ners, clinicians and coaches. Second, as most studies 
included in this review investigated the immediate effects 
of changes in step rate, the longer-term effects remain 
largely unknown. Third, participants used in most stud-
ies were healthy (i.e. uninjured) and relatively young so 
it remains unclear if the biomechanical and performance 
effects may differ among injured and / or older runners. 
Fourth, we excluded studies that combined interventions 
with changes in running step rate. Importantly, changes in 
step rate may be accompanied by other running retraining 
strategies (e.g. change in footstrike) or interventions (e.g. 
change in footwear) in research and practice. Therefore, 
our findings may only apply in cases where changing step 
rate is the sole intervention. Fifth, data were not able to be 
extracted from some studies and were not provided upon 
request, which may have led to the omission of potentially 
relevant data in our results. Finally, we recognise that the 
association between injury and some of the biomechani-
cal variables included in this review have not been fully 
established. In consideration of these shortcomings, it 
would be beneficial for future studies to investigate the 
immediate and longer-term effects of altered running step 
rate on biomechanical and performance variables known 
to, or proposed to be, associated with injury, or actual 
patient-focused outcomes and running performance.

Conclusion
This systematic review highlights that increasing run-
ning step rate will, in general, either provide no change 
or reduce kinetic, kinematic and loading rate variables at 
the ankle, knee and hip—all common injury sites in run-
ners. In contrast, no change or an increase in kinetic, kin-
ematic and loading rate variables were generally observed 
when running step rate was reduced. At present there 
is insufficient evidence to conclusively determine the 
effects of altering running step rate on injury or perfor-
mance. While research relating to the effect of changing 
running step rate on injury and performance appears to 
be scarce, it does suggest that increasing running step 
rate could be effective in reducing load through targeted 
tissues and therefore appropriate in certain injury pres-
entations, such as patellofemoral pain. It also suggests 
that while increasing running step rate may not improve 
performance, if utilised as an intervention in the man-
agement of an injury, it is unlikely to have a detrimental 
effect on performance.
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