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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% Cl 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
(=049, —091 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.
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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
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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. VO,) 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 (JEM). 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 I? of 50% or less. I? 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].

Page 4 of 41

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

Records identified through database Additional records identified through
.S searching in May 2021: CINAHL (n = 573), citation tracking and searching reference
g EMBASE (n =1,368), MEDLINE (n =1,182) lists of previous systematic reviews on
55 and SPORTDiscus (n =1,479) related topics (n = 4)
c
o
=
A 4
PR Records after duplicates removed
(n=2,320)
an
=
c
o y
S
2 Records screened N Records excluded
(n=2,320) i’ (n=2,266)
y
Full-text articles assessed Full-text articles excluded,
E for eligibility as did not meet eligibility
.-ueo (n=54) > criteria
= (n=17)
| —
s A
Studies included in
- quantitative synthesis
S (n=37)
5
o
ic
Fig. 1 PRISMA flow diagram for the selection of studies.




Page 5 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

9210} UOIOeaI JUIOf [elowajo||21ed Yead
$S2415 JUlOf [RIOWRO||91ed PRy
1USWOW JOSUD1XD 99U e d

ESHEWN

9|Bbue UOIX3|) 93U Yead

:sonewaury

SH9IM-9
pUP 3UI|95eq 1P P3123||0D B1eP :S10N
3181 9pIS

BIl=[5)

yibus| darg

BIl=[5)

uopenuane 1edw|

YIOM 3juUe dA1eHIN

SJOM 33Uy dA1RHIN

yiom diy aanebay

uoNeI3|2d2e [eIgN Hedd

UO[1RIS|9DDE [IDES Yed

BRIETIN

21es da1g
Uol1eUDUl 1004
uJaned ay1i3s 1004
110

SWI} 19231U0D pUNOID
UOoNe||I2S0 [eD11IIA

a1el da1g

20en

31eJ BUIPRO| [BD11I9A SNOSURIURISU|
91l buIpeO| [PD11I9A SbRISAY
asindwi buryeig

ERDIERIIEEAR Lk

So1BUY

%01 + SNsian 2184 d31s palisRld

o1 da1s paugjaud jo)uod)
0601 + 2181 da1s pasisyaud :jeyusuiadxy

‘901 + %01 — SNSI9A 214 da1s pallayaid

%S L +%01 + %G +sns
-1/ 3181 d21s palisjald

,2UapeD YbIy, SNs1an a1eu dais paiiafeld

uled |ejowajojo1ed Jo sisoubelp [esiuld
(€ 'ajew 17| 'Sjewa) Maam

/U '/ F9°G| ‘@ouelsip butuuni abelane

BN OLLF 689 'Ssew 's1eak 96 F 97
‘abe) sisuuni [euoneaidal G|

(B £TLF O 1L 'ssew s1edh 8y | F £'6€
‘abe) sjonuod g1 (B4 991 F §08
‘ssew ‘s1eak g'6 F £ /€ ‘Obe) |erusw
-ladxa Qg siauunJ [euoieadal g

(6% 08 F L€/ 'ssew

‘sieak g F g7 'obe) sojew 6 (B4 69 F 8'99
'ssewl s1eak 0| F /¢ ‘obe) sojewa) 0|
SI2UUNJ [RUOIIRIDRI 6 |

(€T 's]pway

‘| '3[eW HR9M/IW 6'0C F 67 "9dUelSIp
Buluunl abelane 'sieak |'6 F 09 ‘9be)
(usoned

S111S 1004183J) SIDUUNJ [BUOIIRIDI Ot

(9am/u 8/ F €' L€ durISIP
puluunl abeIaAR 'SIeA 69 F G| | ‘DoUD
-1Jadxa BujuuN) SISUUNI [BUOIIBSIIRI 07

(PA93S WRIgIA

19045 IS|[BWIUIW ‘9] SNINWNYD) [99) SJISY
:90US |01UO0D) PaSIPIBPUES 1IPSMI00
paqSaP Jou ;paads

aWoUoldUW 3|gIpne N> alel daig
wpeal}
pajuawWinisul ‘Aioleloge| :bumas
[BUOI1235-S501D)

sa0ys
Bujuuni umo siuedidied :1pamIO0
P3129]95-4|95 :paads

(Yorem

-1SUM) 3DBQPa3) [BNSIA 19N 1el dois
(pouad buluiesial) |luupeaiy

10 puno1bIaA0 {(dN-MoJ|0) ¥29M-9 1B pue
Qul[95eq) ||IWpeal) ‘A101eloqge| :bunag
[BLI1 P3]|0UOD PasiuIOpuUeYy

(PE Wea1dS-X

USWO[eS) PasIpIePUR)S 11BaM]1004
(s/W €€°¢) pauluwlaiopaild ;paads
auouoiauW s|gipne :and a1el daig
[[{peai}

pajuswiniisul ‘Alojeloge| :bumas
[PUOIID5-5501D)

sa0ys
Bujuunl umo siuedidiied :1pami004
(AYISUSIU| 91RISPOUL) PR1D3[3s-|3s ;paads
awouol

-}aW [eNSIA pue 3|gipne :and a1el daig
|lwpeaiy ‘A1oreioge| :bules
[BUOIIDS-S501))

UoID3||0d
e1eP JOJ PISN Yd1em BujuuNl ;|eUORIPPY
P3q1ISIP 10U 1IPIMIO0A

(3]ge1I0jW0D) PR1I3|s-4s paads

(.9%01 Ag

punoib ay3 s3Iy 1004 INOA S3WIL JO 3]
-WNU 3y} 3583J0Ul,) [BIA :9ND d1el daig
[[lupesiy

pa1usWINIISUl ‘A101eloqe| :OUINSS
[BUOI1235-S501)

[6¢] e 19 PIeUOg

[£2] "|e 13 JauniebWINeg

[#] '|e 19 Ao|ebbeg

44 BERERE](\Y

[ev] |2 39 swepy

sainseaw sawodnQ

uosiiedwod

9|dweg

bunias pue ubisap Apnis

Apmg

SoIpNis poapn|dUl JO Soiislisldeley) | ojqelL



Page 6 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

SYuow-¢ pue
'S)9aM-1 'DUI[9SE] 1B P123||0D Ble( :D10N
91el APIIS

en

UOIX3) 93UY Yead

uolelol jeusaiul diy ead

uondnppe diy yesd

doip dIAjad [e1218[RIIU0D edd
‘Solewauly|

awin|oA bujuuni Apoam [e1o|

994}

-uted unJ aduels|p 1s9buo| pauiodal-}|s
3]edS [eUONDUN ALUIRIIXT JOMOT

(SUN) ured 1s10M

RS/l )

2w} aduelg

y1bus| daxg

2en

wy/as|ndwi sniusud01isen)

as|nduwi sniwsud0.1seD)

wj/asindwil sdadupen)

as|ndw| sdasupen)

wj/asindwil buasuiey

asindwi buriiswen

32104 yjead snjuwaud0IIseD

aoiopfead sdadupenD

32104 yead buliswen

449 bupjelg

3210} 3eadd

92104 12PIUOD JUIOf |eIOWR)OIqI

345 [BI1HOA

:So112UY

uopelol

[PUJISIX3/UOIIRIO) [BUISIUI ‘UOISISAS/UOIS
-J9AU[ 'UOIX3}JrIUR|d /UOIX3ISIOP :BPjUY
UO1P1OJ [PUI1XS,/UOIIRIOI [BUIDIUI ‘UOIY
-DNPQe/UoIdNPPR UOISUSIXS,/UOIX3|) 199U
UoI1e10) [PUIIXD

/UOI1R10J [RUIDIUI 'UOISUDIXS/UOIXa) :dIH
:Adonua a1ewixoiddy

%01 + Snsian 1.l dais paLIjId

(S44)
%01 + %01 — SNSISA a1el da1s paliayald

(S34)
%01 + %01 — SNSISA a1el da1s paliayald

%01 4 SnsiaA 9184 da1s passjald

(¥ 'S]ew ‘g ‘apway
0 S9F 0719 'ssewl 'sieak 9 F 6'6¢ ‘obe)
uled [eJowiajo||a1ed YIM SIsuunl 7|

(6% G/ F 66/ 'ssew 'sieak '€ F 5T
‘9be) sajewl 6 {(BY 0/ F /G ‘sseul
'S1eaA 7 F £ 77 9P®) s9jewd) 0|
(ulanied ayL1s 10041e3l)

SI2UUNJ [RUONRDIDI 6|

uted |ejowajolja1ed Jo sisoubelp [esiuld
(€ '2eW ‘7| 'S[ews) Heam/W ¥/ F 96|
‘9duelsip buiuun abesane (6% 'L | F6'89
'SseWl 's1edk 9'6 F97¢€ ‘9be)

(usened

115 1004183J) SISUUNJ [BUOIIBIIDI G |

sa0ys
Bujuuns umo siuedidied 11pamIO04
(pauisjaid) pa109|as-J9s :paads

(=€ SY2aMm) Yd1emuews s4o

BuISN P2I0LUOW-J[3S PUP (7—| S3o9M)
SWoUOoI2W 3|gipne :2nd alel daig
SY9aMm 7 duwelbold bululesas jen
(pouad Bululelial) pa1d9|as

juedipiued |jiwpeal; 10 punolbiano
!(uljaseq) ||lupeasy ‘Aioreioge| :bumes
S1195 9580

(epY

pubo.d AUOdNES) PISIPIEPUR)S 11BIMI00H
(unJ Bujurel} ulw o€ e Jo

paads 01 1us|rAINDS) P12395-J|9S :paads
aUWouoIaW 3|gipne :and el daig
[lwpean

pajuswiniisul ‘Alojeloge| :bumas
[PUOIID5-5501D)

(PA93S WRIgIA

:20US 1SI[EWIUIW ‘9| SNINWIND) [99) SISy
:90US [041U0D) PASIPIBPUPIS :1BIMI00
paquLOsap 10U :paads

aWouol1RW 3|gipne :and a1el das
wpealy
pajusWnIisul ‘A101eloqge| :bumas
[PUOI235-5504D)

[£¢] |2 19 yeweig

[0€] "[e 19 3201519MOg

[8¢] e 13 poeUOg

sainsesaw sawodnQ

uosiiedwod

9|dwes

buiias pue ubisap Apmis

Apnis

(panunuod) L ajqey



Page 7 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

SNIUWSUD0J1SeD)
Sl|ela1e| SN1SeA

soway daoig
:AydesboAwonoa)3
awn yoddng

awn ybi4

Y1bua apiis annejay
yibua| apLas

2181 da1g

Jen

UO[1BID]29p HUBYS Yead
ESHENN

(1) A1120]2A 100 [BIILIDA
(DI) A11D0J2A 100§ [EIUOZIIOH
Ol =puy

(D) 4914e XRW (D)) 93U

OndiH
‘Soljewauny|

snipaw snain|H
SNWIXeW snainjo

Buriswey eIpay

Bupiswey [esa1e

sniwaud0.seb [elpajy

Joua1ue s|eiqip

SIIOWR) SN1d3Y

SI|eJa1e| SNISeA

‘(09 %001-06 D9 %06-08 2D

9%08-0/ :dseyd buims pue D9 9%05-0€ D9
96 1—0 :seyd adueis) AydeiboAwoi1da)3
a1el da1g

BIl=5)

apn}

-lubew aseyd 10edwl] uoieNUaNE ¥O0YS
apn}

-lubew aseyd aA12e UOIENUSLIE ¥D04S
apnuubew somod [eubis peay
apnyubew somod [eubis peay
apnuubew somod [eubis [eigl
spnyubew samod [eubis [eiglL

siead UoeIs|9I2e SAIIDR PESH

sead uolelajadde 1dedwil pesH

sead uoness|adoe 1oedull [eiqrp

ESIEN

%8 + %Y + %t — ‘%8 — sns
-19A 31kl da1s pallajaId

%01 + %S + %S — %0l — SNS
-19A 91el da1s pausjRId

%01 4 %S + SnsiaA a1el dais palialald

%0C +'%01 +'%01 — '%0C — SNs
-19A 3181 da1s pallajRId

(LL'sew

OY €'8F §'89 SSeW ‘s1eak |/ F9g ‘9be)
('€ Fulu gpe

gd wsj 01) sisuuni pautes ||

(199m/W GE1-G7) dUeIsIp
Buiuun. sbeaAe ‘sisuuni [PUONESIDAI O]

(MW G°G | F 867 ‘DdurlsIp buiuunt abe
-19Ae G7 9o (07 ‘9ewa) By 1€l F 569
‘Sseul ‘s1eak GG | F £ z€ ‘abe)

SI2UUNJ [BUONEDIDAI G

(8 ‘31w 4 'sjeway ‘B 6L F 1L
‘sseul ‘siesk 'y F / ‘6 ‘obe)
SI2UUNJ [RUONRSIDAI 7|

PaqLDSEP 10U 11eaMI00
(Y/w €1) pauluiiapaid :paads
aulouoiaw a|gipne :and a1el daig
|lupeas) piepuels ‘Aloleioge| :bues
[PUOI1235-5501))

PaqLDSEP 10U 11eaMI00
(S/w g'€) paulwiaiepald :paads
SuouoIaW a|gipne :and a1el daig
||lwpeasy ‘Aioieloge| :buiniag
[PUOID3S-5501))

P3qIDSIP 10U :1BIMI00H
(pauiayaid) Pa12399s-J|9s :paads
aWouoIaW 3|gipne :and el daig
wpeasn
pajuswiniisul ‘Alojeloge| :buimas
[PUOIID5-5501D)

($001g /1) PasIpiePUEIS 11eamI00
(pa112j21d) Pa103|9s-)|9s :paads
auWouoiaW a|gipne :and el daig
wpeasn
pajusWnisul ‘A101eloqge| :bumag
[PUOIID5-5501D)

(9] 17 pue ¥21uuo)

2NEREEM )

[2€] |8 19 AouewnydD

[L€] e 1o eSng

sainseaw sawodnQ

uosiiedwod

9|dwes

buiias pue ubisap Apmis

Apnis

(panunuod) L ajqey



Page 8 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

9|bue 331435 1004
o1el da1g

1en

91eJ bulpeo
So12UY

Wiy Jad sdais Jo Jagquuny

2181 da1g

yi1bus| dais

en

(dS) JUSWIOW JOSUSIXS 92UMMedd

(dS) JUsWOW uoIXa|jleiue|d

(dS) Juswow Josuaixe diH

[RA631UI SUII1-55911S 1UIO |eJOWD)0||91ed
$S2415 JUlof [RIOWRJO|[91ed Yead

445 e=d

RSINEIVN

oseyd aouels buliNp UOIX3|} 99U 3edd
a|bue uoIxay yuni|

3|Bbue 33143S 1004

‘Solewsuly

UoIXalyIsiop ‘uoixaleiue|d Bpjuy

UOIX3|4 ‘U0

-dNpge ‘UoIIdNPPE ‘UOIIRIOA [BUISIXD DU
UOIX3|4 ‘U0

-dNpge ‘uoidNPPE ‘Uolielol [eulaiul diy
UOIX3|} quni

{(@duelS

sead ‘9duels abesane ‘|) SoewdULY

951 + 0101 4 Snsian a1es da1s pauigyaid

%01 + Snsian 1.l da1s palIjId

%01 + SnsIan a1el dais pauIjId

(Y/upt 1)
%01 — SNSIaA a1el dais pauisjald

(sb
['SF G/ 'SSew s1eak g7 F '8z ‘abe)
S3]eW 9ANDE 07

(8 ‘91w

L1 'Sjewa) Heam/Wy 6'8 F 9'9¢ ‘@duelSIp
Buiuunl abelane 'sieak 0°'G F |'gz '9be)
(usoned

91135 10041B31) SISUUNJ [EUOIIRIIDI 6 |

(0z

'O]eW 1| | 9[eWIa) Hoem/UY €81 F £'GE
‘9dUe3SIp Buuuni abeiane 'sHyf

L'OF L'7/ ssew 'sieah ' F /£ 'sbe)
(usoned

9111S 1004183J) SISUUNJ [BUOIIRIIDI | €

(SET VTR RET =]
DY || F97L 'sseu 's1edk 7’7 F |7z '9be)
SI2UuUNl 07

(papiroad

90y [BJIN3U) PISIPIEPUR)S :1BIMI00H
U/wy || ;pasds

ydelb Jeq |ed14an

5|DeQPa3)0Iq SWil-[eal :2Nnd a1el daig
[[{peai}

pajuswiniisul ‘Alojeloge| :bumas
[PUOIIDS-5501D)

PaqIDSSP 10U :1BIMI00H
(pauiajaid) pa109|as-J9s :paads
aUWouo1aW 3|gipne :and a1el daig
[lwpealy

paluswniisul ‘Aioyeloge| :buiiag
[PUOIDSS-5501D)

(G 'b3-19D) $DISY) PISIPIEPURIS 1IPIMIO0
(3]9ROJUIOD) PR1D3|35-4[2s :paads
SWOoUOoIIBW 3|qIpNe :2nd d1es daig

[[lupesiy
pajuswnisul ‘Aloreloge) :buiias
[BUOI1235-S501)

PaqIDSSP 10U :1BIMI00H
(Y/unt 1

pue 7 1) paads paujuwlaiepaid ;paads
auWouoiaW a|gipne :and el daig
wpeasn
pajusWnIisul ‘A101eloqge| :bumas
[PUOIID5-5501D)

(85 (213 1ijojolen

[£€] '|e 19 soIueS sop

[#€] ‘e 19 SOIUES SOp

[¢] 1abaer 3 pue jjomaQ

sainsesaw sawodnQ

uosiiedwod

9|dwes

buiias pue ubisap Apmis

Apnis

(panunuod) L ajqey



Page 9 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

(31225 DYO4) IdY

21e10e| POOIg

OA

9DURWIIOLI

UOI1B101 1004183

[BIUOJ SNSISA UOIIRIOI SUBYS 3SIDASURI]
Uoe10I YURYS

9SI9ASURJY SNSIIA UOLIRI0) YBIY) 9SI9ASURI |
UoIe10I YURYS

9SI9ASURIY SNSIA UofIRI0) YbIy) [enibes
uolnelol

sjueys [en1bes snsiaA uopelos ybiya [enibes
(9dUR)S 21| ©DDURLS PIW !DDURIS AIe
‘BuImS [euluI) AJljIgeLRA UOIIRUIPIOOD)
UOI1B101 1004183

[BIUOJ SNSISA UOIIRIOI SUBYS 3SIDASURI]
UoIe10I YURYS

9SI9ASUEJY SNSI9A UOLIRI0) YBIY) 9SI9ASURI |
UoIe10I YURYS

9SI9ASURIY SNSIA UofIRI0) YbIy) [enibes
uolnelol

sjueys [en1bes snsiaA uopelos ybiya [enibes
(9dUP)S 21| ©2DURLS PIU 'DDURIS AlIed
‘BUIMS [euIULIR)) UOJIRUIPIO0D JUSWHaS
UOISIDND 100}1edY

UOIIR10J [RUISIU| HjURYS

UOIIRI0I [BUISIU| 'UOIXD]} 129U

(pa11n220 3|bue Yead uaym

91242 11eb JO 95) dwin / (INOY dead) s|bue

/ (9seyd aduels BuLNp \QOY) UoIsINx3
Sopewaury

3w} 1283U0D
BIl=5)

e3/e 1DPIUOD)
2Inssaid yead
9210} Xe\
RSIETIN

%G — ‘0501 — SNSIDA d1e1 d21s palIasRid

%01 + Snsian 1.l dais paLIjId

%01 + %S + %S — ‘%01 — Sns
-1/ 81l dals pauisjald

(91 'sjew

0% /'SF /71 / 'sSeul ‘sieak G F gz ‘obe)
SI991UILIO pUR S313|YIell}

‘SI2UUNJ 9A1119AWIOD [9A3] [BUONRU 9|

(¢ 's]ew ‘g 'ajewiay

B 0/ F6€9 'ssew 'sieak g/ F /¢ ‘abe)

(usoned

OIS uootmwb Slauuni jeuoneslidal Q|

(91 '3[eWI ‘9| ‘B[PWIS) HRIM/UWN T
ZF +/0¢ 9d>ursip Bujuuni abeiane
B 8L F G /9 ssew ‘siesk 08 F 78T
‘abe) siauuni [eUONe3IAI 7€

Paq1IDS9P 10U 11eIM100
(dn-wJem pue uonesLel|iule) 1oy

/W ¢ 1-C 1) Y/wpt 91 pasds 1as ;paads
sie1 Bujuuni 1oy AJuo yoeqpaay
9|gipne pue ‘SUoIdNIISUI |enul 10} 3oeq
-pa9) 9|gIpne pue [ensiA :and alel daig
|lwpeaiy ‘A101eioqe| :Bumes
|BUOI1D35-5S01D)

(co0lL

2duejeg MIN) PSIPIBPUE]S 1IPIM100
(3]qR1IOJWIOD) PaII3|Is-)|9s :paads
aUWouo1aW 3|gipne :2and a1el daig
(Kemunu

w 0€) punoibiano ‘Aloresoge| :buIag
[BUOIIDS-S501D)

S90S

Bujuuns umo siuedidied 11paMIO0
(AUSUSIUI S1RISPOU JO UIW 07

01 JU3|rAIND3) P123]95-4|9S :paads
auiouol

-}2W [BNSIA pUe 3|gIpNe N> a1el daig
wpealy
pajusWnisul ‘A101eloqge| :bumag
[PUOI235-5504D)

[84] ‘| 12 USSIOA|eH

VA7 RRERCILE

[S€] ouueuOg pue pieLIaD

sainseaw sawodnQ

uosiiedwod

9|dwes

buiias pue ubisap Apmis

Apnis

(panunuod) L ajqey



Page 10 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

(SYA) Hol3

(SVYA) ssaupiemimy

‘euonIppy

91eJ BuIpeOo| SNOSURIURISUI [BDILIDA
S1e1 bulpeo| sbelane [edILIsA

44D yead 1oedwil [eD11ISA
UONRIS|SDDR [PIGN Yedd

OB

91eJ Bu|peO| SNO3URIURISUI [BDILISA
sead 1oedull [eDIL9A

31kl buipeo| abeiane [edIsA

445 [BO1I9A

RIETIN

3dd

‘euonippy

9DURISIP [93Y — QD 1981UOD [eliu|
uonelnp aduels

y1bus| daxg

en

90U1IN220 Judisuel} 1edw|

asindw bupyelg

445 [ed1HaA e

siom aAIsod pue

9AI1EH3U “TUSWOW UOISUSIXD Yead 299Uy
3IoM 3AIISod pue aAIzeHaU ‘QUsWoW
uof1rI0J [RUIIUL Yead uawow uondnpge
sead pue Juswoul uolsuaixa D diy
So12UY

UOISINIX3 [eDILaA NOD

UOI1BUIDUI 1004 D] DUy

3|bue uoxay 3ead ‘abue uoixa| D| 23Uy
9|bue uonelos jeusaiul yead ‘9jbue
uoponppe yead ‘ajbue uoixayy sead diH
'SD1IRWAUIY

(61 =W

'BY €°9F §'89 'ssew ‘sieak 97 F /'L ¢ 'obe)

(uisned 2141s 1004Ie3l 1 ‘UIdned

%01 + SNSIaA 9184 d1S PaLIDRId  DMIS JOOJPIW G |) SISUUNI [BUOIIBDIDI 6|

(0L 'sfew
%0€ +'%S L + %S 1L — %0E — SNs 103 €6 F G L/ 'ssew 'sieak 0'¢ F g8 '9be)
-19A 91e4 da)s paliafRId SJI2UUNJ [EUONE3I3I O |

(S¢

'9[eW ‘0T ‘3[ewa) H99m/ Wy §'G L F 86T
2ouelSIp Buluuni abesane 1B |'€| F 569
'SSeW ‘s1eaA GG | F /7€ 9be)

SI9UUNJ [BUOIIRIDDI G

%01 +'%S + %S — ‘%0l — sns
-19A 91e) da1s paliajeid

S90YS

Bujuuns umo sauedidiied 11PaMIO0
P2103135-4/35 :paads

auwouoiaW a|gipne :and el daig
[lwpeall

pajuswNIsuUl ‘A101eloqge| :bumas
[BUOI1935-5501))

PaqLIDSIP 10U :1BIMI00H
(S/W G'7) paulwiaiepald :paads
SUWou0IdW 3|gipne :and el daig
[lwpean

pajuswiniisul ‘Alojeloge| :buimas
[PUOIID5-5501D)

P3q1I2S3P 10U 1IPIMIO0
(unu Ajisusaul 91819

-pow 01 1U3|PAIND) PR1D3|95-49S :paads
SWoUOIIRU 3|gIpNe :and a1el daig
wpealy
pa1usWINsUl ‘Aioeloge| :buniss
[PUOI1235-5504D)

[05] "[e 33 bueny

[57] '[e 19 ©JeGoH

[6¥] ‘e 32 UaY2SISpISH

soJnseaw awodlnQ

uosuedwod d|dweg

Bunas pue ubisap Apnis

Apms

(penunuod) L ajqeL



Page 11 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

buims 210/ = %66-08

buims Alupa / 23UDIS 310 = %0k —0
(%66-08 9%60t—0) SNWIXeW SN=1n|S
(%6608 ‘9%0%—0) SNIPaW SNain|H
(9666—08 ‘%01—0) SNIuRUD0.1sED [eIpaly
SNSOURJQUISWIWRS

sowdy sdadig

Jousaue sijelqi

uopus} Jejja1ed

SN3|0g

SLIOWS) SN1D3Y

Sl|ela1e| SN1SeA

92104 3|2SNW edd

‘leuonippy

449 [BS1H9A Nesd

91kl buipeo) [eJowsyo|a1ed yesd

91kl buipeo| aseyd aouels [elowdjo||91ed
92104 |elowaj0||91ed yead

9210} [eJOWS}0||91ed

RSIETIN

D] 1B UOIX3|) 93Uy ‘3]BUB UOIX3|) 93U Yead
3|bue UoIX3|y 32U

'SD1IRWAUIY

SSOUYNS
AKousnbaly apLig

‘OA

%01 + 901 — SNSISA 91el da1s paliayald

%8 + %V + %8 — "% — NS
-1aA 81el da1s pauisjald

(L 'Slew ‘G| ‘ajewsy
BY 601 F9'89 ‘ssewl ‘siedk 7| F €€ ‘obe)
SI2UUNJ [RUONRSIDAI O

(L1 '2ew g ‘sjeway
B 0L FH0L 'ssew ‘sieak 8 F gz ‘obe)
SI2UUNJ [RUONRSIDI 9|

PaqIDSIP 10U :1BIMI00H
(pa112j21d) Pa103|9s-)|9s :paads
aUWouoIaW 3|gipne :and el daig
[lwpealy

pajuswniisul ‘A101eloqge| :bumag
[PUOIID5-5501D)

PaqIDSIP 10U :1BIMI00
2oed

unJ [PWIXEW UIW 09 [eNPIAIpUL ;paads
awou

-011dW paseg-1endwod and a1es daig
[lwpeal

pajuswiniIsuUl ‘Alojeloge| :buinas
[BUOI1935-5501))

[1S] 71818 Heyuan

(7] YuWS pue Jaruny

sainseaw sawodnQ

uosiiedwod

9|dwes

buias pue ubisap Apmis

Apnis

(Panuiuod) L 3|qel



Page 12 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

SLIOWS) SN1d9Y
buims Alupa pup 35UDIS
snubew 101ONPpY

oUDIS

snbuoj Jo1onppy

SIAR1Q 101ONPPY

snoel||

SP0Sd

SNILIOJES

9P1E| 9RIDSE) JOSUS|
buims Aup3

siuiojuld

SNWIUIW S31N|D

buims a1p] pub buims AlIpa pup 33UDIS
SnIpaW snainjo
SNWIXeW snain|o
SNSOURIQUSWIWSS

peay Buo| sowsj sdadig
buims a1pj pup 35UDIS
S9210} 3|2SNW Yedd
9DUBWLIOL

siuiojuld

snbuoj Jo1onppy

SIAR1Q 101ONPPY

snubew 101ONpPpY

snoel||

Se0Sd

snlol.es

SLIOWS) SN1d9Y

9P1E| 9RIDSE) JOSUS|
SnwIUIW SNa1n|9

snIpaw snain|H
SNUWIXeW snain|o
SNSOURIGUISWIWSS

peay buo| suoway sdadig
SIOM aAIDBaN puD /131504
ESHEWN

%01 +'%01 — SNsIan 218l d1s palisRld

(51 "aew ‘S| ‘Sjeway

B3 601 F9'89 ‘ssewl ‘sieak | F €€ ‘abe)

SI2UUNJ [PUOLRIDRI OF

PQ1LIDS9P 10U LIPSMIO0
(paiiayaid) pa129as-J|9s paads
SWoUOIIRU 3|gIpNe :and a1el dalg
[lwpesn

pa1usWINsul ‘Aioleloge| :bunias
[PUOI1235-5504D)

[9€] 232 WeyuaT

soJnseaw awodlnQ

uosuedwod

d|dweg

bunias pue ubisap Apms

Apms

(PanupuOd) | 3jqey



Page 13 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

10128 AINQ

S EIEN]

2w} 1283U0D
en

SSauyns ba]
SEVITHNENIETN
uolssaldwod 637
(xew) 4495 [ed1IsA
RSIETIN

INOD 4O JuswWade(dSIp piemumod
‘So1IBWAULY

‘oA

odsuesn Jo 150D

‘leuonippy

JUSWOW UOIX3} diy WnWIXey

918 BuIpeo| [eDILIA

asindw buyelg

445 yead 1oedw|

SD112ULY

99U O} 9A1B|24 1004 JO uonisod Buipue
diy 01 91|21 1004 JO UonIsod buipue]
uoixay diy xep

:SDl1eWRULY

91el buipeo)

2inssaid 15PIU0D UIO[ |BIOWSJO||D1e
a1el

Bulpeo| eale 10e1U0D JUlO[ [RIOWRO|[91ed
92104 1221U0D JUIO[ [eIOWIJO| |91
ESHEWN

9%0€ +'90€ — SNSISA a1el da1s pallayald

(spaads
Buluuni pauluI1ap — a1d 1USIRHIP € 18)
%51+ 'G5 — SNSISA a1el dais paliayald

UIL/S3PLIS 5606 ‘5808 'S/ Sa1el dals

%01 +'%01 — SnsiaA a1el dais paliajald

(0L "91ew By 0L F 95/
‘sseul ‘s1eak 9 F 9'ge ‘abe)
SI2UUNJ [RUONRSIDAI |

(9 'slew 4 ‘spway
By g8 F €99 ‘'ssewl ‘sieak 'S F 0’ ‘obe)
SI2UUNJ PaUIRI-[|IM O |

(Tl 'alew 7 olewdy 164 9'L L F 6L 'ssew)
Slauuni [euoinesidal ¢ |

(5L 'sew

!/ '9]eWd) 9aM/WY | 7 F GG 9dURIS|P
Butuuni abesane 163 g8 F 07|/ ‘sseul)
SI2UUNI [RUOIIRIDRI 77

P3q1I2S3P 10U 1IPIMIO0
(/W €¢°€) paulus1epald :paads
aWouol1RW 3|gipne :and a1el dag
[[lupesly

pajuswnIisul ‘A101eloqge| :bumag
[PUOI235-5504D)

P3q1I2S3P 10U 1IPIMIO0

S/WZOY 'S/W 8S'E

‘S/W €1°¢ ;spaads buluuni 195 ¢ :paads
aulouoiaw 3|gipne :and a1el daig
[[lwpeaul ‘A1o1eioge| :buines
[PUOI235-5504D)

PaqLDSEP 10U 11eaMI00
(S/w 0€) paulwiaiepald :paads
auouoiaW a|gipne :and a1el daig
[lpeai}

pajuswiniisul ‘Alojeloge| :bumas
[PUOIID5-5501D)

P9QLIDSSP 10U LIPSMIO0
(padiayaid) Pa1299s-419s :paads
SWoUOIIRU 3|gIpne :and a1el dalg
[Nwpesi

pa1uswWinsul ‘Aioleloge| :buniag
[PUOI1235-5504D)

[rS] 1213 uLiop

ISIRERERERIEY

[£€] e 18 uPWLIRGaY]

(¢S] 2 39 MeyuaT

soJnseaw awodlnQ

uosiiedwod)

s|dwes

B6unias pue ubisap Apmis

Apms

(PanuNUOd) | 3jqey



Page 14 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

UOIIBAIDE SPSNIA
uonpduwinsuod ABIaU JjjogeIDIN
‘leuonippy

10128 AinQ

SWI] 12B1U0D PUNOID

yibus| daig

Adusnbaly aping

len

Jamod diy aanisod abesany
Jamod aauy aAnisod abelany
Jamod spjue aansod sbesany
SO11aULY

shep-z1

pue 2Ul9seq 1e Pa123||02 ele( 210N
91el 1esH

uone|lIuaA

xew COA

34

‘euonippy

yibuaj daxs

AKousnbaly daig

RIED)

6= U 10} 3|qe|IBAR AJUO SB M3IAI SIU} U
papN|oul 10U B1ep [EDIUBYDIWOIG ‘SHI2M-Q
pue aul3seq 1e Pa123||0d ele( :DI0N
91e) da1g

e0

anbiqo sijeipaw snisep
SNSOUIPUSIIWSS

snIpaw snain|H

SNWIXeW snainjo
:AydesboAwonoa)3

UOIX3} 93U Yead

uoixaydiy ead

uolelol [eusaiul diy yead
uondnppe diy yead

dolp diAjad [eJa1e|RIIU0D Yedd
‘SD11RWAUIY

(uonouny) ajeds ejefny

(IR AEIEN
%51 +'%8+ %8 — ‘%Sl — sns By £/ F 1'69 ‘sseul 'sieak g'¢ F /€7 'abe)
-I9A 11 d23s palljRid sI2UUN) PadURLIAAXD /|

(WWOLF6E6LIdNS

BN GTF 08 ‘ssew ‘siedh 'L F€'1¢

'9be) Sj0U0D | | (Ul ¥ | F 861

9d % G B €8 F 1'gS ‘ssew

's1eak 'S F 6z 'obe) [pruswadxa | |

a1nuiw (Uu/sda1s 9/ | > 91el

/50315 08| SNSIoA 91ed da1s pallayaid dais) sisuun. sjews) paulell-||am ¢

[(CACIEIVECEETEWETREEIN

PaQLIDSEP 10U 11RIMIO0
y/dwz | pue pa129|9s-49s :paads
aWoUOoI2W 3|gIpne :and alel daig
wpeasn
pajuswiniisul ‘Alojeloge| :bumss

[PUOIID5-5501D)

S90Us
Buiuuns umo sauediiped :1eamioo
s/W g'g 014°¢ :paads

SWoUOlIRU 3|gIpne :and a1el daig
[lwpeaiy ‘A101eioge| :Bumes

Apnis [011U0d-35eD)

S90YS

Bujuuns umo siuedidied 11PaMIO0
(pa112j21d) Pa103|9s-)|9s :paads

81—€ | SUOISSaS Ul paplaoid 3oeqpasy oN
“Z1—1 SUOISSS Ul PasN (30eqpaa) pPapey)
auWouoiaW a|gipne :and el daig
SY99M 9 IIAO

SUOISSas 8| dwwelboid bujulesial 1en)

[97] e 12 UBUUIMS

[96] e 13 uuIND

(SYN) ured 1100 /U 86 F 07/ | ‘@oueisip buiuuni abelane wpeall
(SYN) uted sbeiany B 86F £7/9 'ssew 'S1eak GG F o | ¢ ‘obe) pajusWnIisul ‘A101eloqge| :bumas
Jesuld 055"/ + SNSI9A 21 d31S paLIasRld uled |eiowajoa1ed Yim siauuni 0| S31195 958D [GS]7|e 19 [eaN
saINseaw awodnQ uosiiedwod 9|dwes buiias pue ubisap Apmis Apnis

(panunuod) L ajqey



Page 15 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

yiuow-|
pue (sunJ g uaye) pouad bujulelial
150d ‘aulj9seq 1e Pa1d3||0d P1e( :D10N
a1nuiw 1ad sdaig

Jen

Jamod 1ulof aauy|

wiy J9d 3JoM 299U D11IUSIDT
95UeIS Jad 3IoM 33U D1IIUIDTF
91kl PRO| |BDIL9A 2DRIDAY

31eJ PeO| [eD11ISA SNO3URIURISU|
92104 UOI1DB3) PUNOID [BDILIBA
:So12UY

uonanppy diy yead

:SD11RWAUIY

3w} 1023U0D

BIl=5)

[eib31ul BWIY 3INSSId

2Inssaid yead

[e1ba1ul SWI} 92104

3210} ead

Buipeoj Jejueld [esieieiawl [eise]
Buipeoy Jejueld |esielpIaw [BJIUDD
Buipeoj Jejueld [esieieIaWl 1PN
Buipeol Jejueld [9aH

Buipeo| Jejue|d 1004 [e10]

o112

SHIIM-7 |
pue aUI|95eq 18 P1D3||0d e1e( DI0N
yi1bus| daxg

91es da1g

0

(M) ead 1edw|

SSOUHIS AUWIDIIXS JOMOT]

91kl peo| abrIaAR [BDILISA

91eJ PRO| SNO3URIURISUI [BDILSA
BIEIVY
D 18 AUARID JO 213U3D JO AUDOISA [BIILSA
ALARID JO 211U3D) JO UOISINDXD [eDISA
9ouels buunp uomxay diy ey

2dUPIS BULINP UOIX3|) 23U Xel

92UB)S BULINP UOIX3JISIOP Xel

D] 1e 9|buer 1004

>ead 1oedwl 03 10B31UOD )| WO} dWl |
:SDl1eWRULY

%S/ + SNSIDA 918 do1s [SEEICIK

%G+ '%G — SNSI9A 21ed dals palIaRId

0/ + SNSIDA 918 do1s [SEEITIK|

(£ 3PW "6 3j_W) LW/BY €€ F €T
NG ‘SYIUOW G| F 88z ‘9be) 5|01u0d
71 (£ da]ew ‘6 ajeway L, w/bY 9T FO'EC

IWg ‘syiuow €91 F6'1 5z ‘96e) o1
-UswilIadxa 9| siauuni [euoleadal 0§

(61 2]eW ‘6| ‘D)eWa)
By £y F90E ‘ssew 'sieak g€ F e ‘obe)
SI2UUNJ [RUONRDIDI 8E

(6% €L F Q0L 'ssew 's1esk 7| F /€7
‘9be) sjonuod 71 (b 6y F 8 L/ ‘sseuw
's1eak G’/ F ¢z 'abe) [pruswadxa 7|
(uloned axu1s

1004Je3J) SI2UUNJ S[PW [RUOIIRAIIRI OF

P3qLDSEP 10U 11eaMI00
P2103135-4/35 :paads

(8 pue 9 'y SUNJ UO ¥DBqPa3

OU) / pue G ‘€—| Suni uo (Yd1eMISLIM)
¥2BqPa3) [BNSIA SWIl-[Ea) :2Nnd a1el daig
(dwuwesbold

Buiulensl) ||iwpesy Jo punoibisnQ
(Bunsay auljaseq) ||iw

-peal1 pajuawniisul ‘A1oleloge| :oumas
|BLI1 |0JIUOD Pas|LIOpURY

(529

aduBjRg MIN) PISIPIBPUE]S 1IPSM]00
(pauiayaid) Pa12399s-J|9s :paads
auwouol

-J2W [ENSIA pue 3|gipne :and a1el daig
[lwpeail ‘A101eioge| :Bumes
[PUOIID5-5501D)

(ve

snsebad 9¥IN) PaSIpIePUERIS 11eamio0
(dwwelboid Bujuiellal) pa1dsas

-J195 {(BUISA] BUIRSEQ) S/W £€°€ :paads
aWoUolIdUW 3|gipne PN a1el daig
(dwwelbold butuienal)

punolibiaA0 {(bunsal aulaseq) Aemuni
W Q| pue [jlwpeail ‘A101eioge| :bumes
[BLI1 P3]|0IUOD PasiuIopuUey

(o] e 38 AjIm

[6€] "[e 12 110NUR| |19

[8€] 1213 Buem

sainseaw sawodnQ

uosiiedwod

9|dwes

buiias pue ubisap Apmis

Apnis

(panunuod) L ajqey



Page 16 of 41

(2022)8:112

Anderson et al. Sports Medicine - Open

159q |euosiad g4 ‘9]eds buliel [edLIBWNU SYN ‘B]edS dnBOjeU. [eNSIA S/ ‘SSew JO 313Udd YO) ‘dseyd aduels 4s ‘10ejuod [erul Dy ‘ybiam Apoq g ‘93104 uondeas punoib 449

o1el da1g

yibua| apiis

1en

2Inssald Xew 1004210}

2unssaid xeuw 100Jpiul 2inssaid Xew [99H
44D Xew 100J2104

4S5 Xeud JOoJPIN

445 Xew [99H

ESIEN

JUSWIOW 9314 IN|OSR Yead
UO[1BI9|9D2E [BIqN Yedd
o1ey buipeo

081 =921e4 da15

ured
B3| pae|al 9510193 JO SIsoubelp [ed1ulD
SIBUUNJ [BUONERIDSI 7|

(931w ! | ‘S[ewdy B GTLF 649

S90S
Bujuuns umo siuedidied 11pamMIO0
(Y/w 01) pauluis1spald ;paads
aWouUolRW 3|gIpne :and a1el dag
[[lupesaly

pajuswnIisuUl ‘A101eloge| :bumag
[PUOND35-5504D)

Bunsayr punoibiano 0y soud

|[lUIpEaJ1 B UO UOIUSAISIUI JO 92110eld

e pa1o|dwiod syuedpinied ;jeuoiippy

(£ 2Py AUODNES) PaSIPIEPUEIS :/BIMI00
P2129|95-495 :paads

[£S] e 12 uPLIBWIWIZ

BSIETINY 'ssewl 's1eak g6 F | 7€ ‘abe) auouoiauW 3|gipne :2and a1el daig
a|bue uononppe diy yeaqd (uloned W §'9| punoibiano ‘Kioreioge| :buniag
:SD1IRWAUIY %01 + Sns1aA a1el dais pauijaid 115 1004183J) SISUUNJ [BUOIIRIIDI / | eUOIID35-5501D) [L¥] e 12 Buo
dais pauay ) ) [ _ 2196
saINseaw awodInQ uosiiedwod 9|dwes b6uiias pue ubisap Apmis Apnis

(panunuod) L ajqey



Anderson et al. Sports Medicine - Open (2022) 8:112

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
(IMQ [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 (1IMQ [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 (IMQ [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 VO, 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 VO, 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

Page 17 of 41

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;
PP=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; 2=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 (1IHQ [30] and 1MQ [45]; 0.50, -0.02 to 1.03;
P=0%); and limited evidence indicated an increase in
contact time with a 10% reduction in step rate (1HQ [30]
and 1IMQ [45]; —0.95, — 1.49 to — 0.40; I> =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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Table 3 Single study results for injury variables
Variable Post-intervention Time Frame Step rate change SMD +95% Cl
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% —068[—1.59 0.23]
SMD £ 95% Cl in bold represent statistically significant results
Table 4 Single study results for performance variables
Variables Preferred SR versus Increased SR Preferred SR versus Reduced SR
Performance VO, at3.13m/s —+15% [53] —021(—1.09,067) —15% [53] —4.10(—7.74, —0.46)
VO, at 3.58 m/s +15% [53] —0.18 (—1.06,0.70) —15% [53] —052(—142,037)
VO, at4.02 m/s +15% [53] —0.06 (—0.94,0.871) —15% [53] —0.20(—1.08,0.68)
VO, at 60 min race pace + 4% (initial) [42] —0.23(—=0.92,047) — 4% (initial) [42] —0.26 (—0.95,0.44)
+4% (final) [42] —0.23(—0.93,0.46) —4% (final) [42] —0.23(—0.92,047)
+ 8% (initial) [42] —045(—1.15,0.26) — 8% (initial) [42] —045(—1.16,0.25)
+8% (final) [42] —0.33(—1.02,037) — 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 (—041,041)
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[—141,0.02]
+15% [26] —0.84[—-1.57, —0.11] —15% [26] —1.61[—-2.42, —0.80]

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

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;
P=0%).

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

in average vertical loading rate (1HQ [41] and 1MQ [50];
0.24, —0.23 to 0.70; >=0%) and vertical instantaneous
loading rate (1HQ [41] and 1MQ [50]; —0.04, —0.50 to
0.42; P =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; > =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.
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Table 5 Pooled and single study results for spatiotemporal gait parameters

Preferred SR versus Increased SR

Preferred SR versus Reduced SR

Variable
Spatiotemporal Gait COM vertical excursion —+ 5% [49]
Parameters +10% [49]
Downward displacement 4 30% [54]
of COM + 5% [45]
Contact time
+ 8% [26]
—+10% [30, 45]
+ 15% [26]
+30% [54]
Step length + 5% [49]
+ 8% [26]
+10% [30, 33, 44, 49]
180spm [57]
+15% [26]
COM to heel distance + 5% [49]
atlc +10% [49]
Flight time + 5% [45]
+ 10% [45]
+30% [54]
Strike index +10% [30]

0.53(0.11, 0.95) —5% [49] —0.66 (—1.09, —0.24)
1.15(0.71, 1.60) — 10% [49] —1.41(-1.88, —0.95)
1.92(0.82, 3.01) —30% [54] —3.83(—-542, -2.24
041 (—048,1.30) — 5% [45] —0.71(—1.62,0.20)
0.50 (—0.20, 1.21) — 8% [26] —0.28 (—0.98,042)
0.50 (—0.02, 1.03) — 10% [30, 45] —0.95(—1.49, —0.40)
0.92 (0.18, 1.65) — 15% [26] —0.35(—1.05,0.35)
1.50(0.48, 2.52) —30% [54] —061(—1.51,0.30)
0.29(—0.12,0.71) — 5% [49] —030(—-0.71,0.12)
1.72(0.90, 2.55) — 8% [26] —-1.75(-2.59, —0.92)
0.93 (0.49, 1.37) —10% [24,30,44,49] —0.76 (—1.31, —0.21)
4.69 (3.03, 6.35) — 15% [26] —3.51(—4.66, —2.36)
2.73(1.73,3.72)

0.36 (—0.06,0.77) — 5% [49] —026(—0.67,0.16)
0.55(0.13,0.97) — 10% [49] —0.53(—0.95, —0.11)
049 (— 040, 1.38) — 5% [45] —049 (—1.38,040)
0.98 (0.04, 1.92) — 10% [45] —1.00 (—1.94, —0.06)
1.13(0.17, 2.09) —30% [54] —4.88(—6.79, —2.98)
—0.53(—1.18,0.11) —10% [30] —0.12(-0.75,052)

SMD =+ 95% Cl are provided for each percentage increase or decrease in running step rate. SMD £ 95% Cl presented in bold are statistically significant

Abbreviations: COM centre of mass, IC initial contact

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; I*=8%); and limited
evidence of no difference in negative ankle work (2 MQ
(44, 49]; —0.01, —0.36 to 0.33; >=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; *=0%) and rearfoot contact time (2HQ; —0.07,
—0.41 to 0.26; I*=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;
P=0%) and no difference in peak tibial acceleration
(1IHQ [31] and 1 MQ [44]; —0.42, —0.93 to 0.08; > =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; *=0%), rearfoot max
force (2HQ; —0.14, —0.47 to 0.19; *=0%), and rear-
foot contact time (2HQ [35, 39]; —0.23, —0.56 to 0.10;
P=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; > =0%); and limited evidence of no dif-
ference in average plantar/dorsiflexion at initial contact
(IHQ [34] and 1IMQ [45]; 0.23, —0.20 to 0.67; I*=0%).
Increasing step rate by 5% was associated with limited
evidence of reduced foot strike angle (1HQ [22] and 1IMQ
[49]; 0.39, 0.09 to 0.69; I*=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
IMQ [49]; 0.50, 0.18 to 0.81; 2=0%); and limited evi-
dence of reduced peak patellofemoral joint stress (2HQ
[29, 33]; 0.56, 0.07 to 1.05; I?=0%) and reduced negative
knee work (2 MQ [44, 49]; 0.84, 1.20 to 0.48; *=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; I’ =0%).
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Variable

Preferred SR versus Increased SR

Preferred SR versus Reduced SR

Ground Reaction Force and  Average vertical loading

Loading Rates

rate

Instantaneous vertical
loading rate

Vertical ground reaction
force

Vertical ground reaction
force impulse

Vertical impact peak

Time from initial contact to
impact peak

Impact attenuation
Braking impulse

Head impact acceleration
peak

Head active acceleration
peak

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

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

Shock attenuation (active
phase)

Shock attenuation (impact
phase)

+7.5% (post 8 sessions)
[40]

+7.5% (post 4 weeks) [40]

+7.5% (post 12 weeks)
[38]

+10% [41, 50]
=+ 15% [25]
+30% [25]

+7.5% (post 8 sessions)
[40]

+7.5% (post 4 weeks) [40]

+7.5% (post 12 weeks)
[38]

+10% [41, 49]
+15% [25]
+30% [25]

=+ 5% [49]
+10% [33, 49]
+30% [54]
+10% [30]

+7.5% (post 12 weeks)
[38]

+10%
+15% [25]
—+30% [25]

+7.5% (post 12 weeks)
[38]

+10% [44]
+5% [49]
+10% (30, 49]
+10% [3
+20%

1.25(0.48, 2.01)

1.37(0.59, 2.14)
0.81(—0.03,1.64)

0.24 (—0.23,0.70)
0.25(—0.63,1.13)
0.24 (—0.64,1.12)
1.08 (0.33, 1.83)

1.12(0.37,1.87)
0.71 (—0.12,1.54)

—0.04(—0.50,042)
0.34 (—0.55,1.22)
0.29 (—0.60, 1.17)
0.08 (—0.33,0.50)
0.24(—0.11,0.59)
0.29(—059,1.17)
1.15(0.46, 1.84)

064 (—0.18,147)

0.07 (—=057,0.71)
0.15(—0.73,1.02)
0.08 (—0.80,0.96)
—021(—-1.01.059)

—031(—0.96,033)
0.38 (—0.04,0.80)

0.64 (0.29, 1.00)

0.15 (—0.65,0.95)
0.07 (—=0.73,0.87)
0.29 (—0.52,1.09)
063 (-020,1 45)
0.26 (—0.55,1.06)
0.53(—0.29,1.34)
—0.05(—0.86,0.75
—046(—1.27,036
—060(—-142,022
—0.82(—1.66,002
—0.16 (—0.96, 0.64

(=
(
(
(
(-
—044(—1.25,037

)
)
)
)
)
)

—15% [25]

—30% [25]

—15% [25]

—30% [25]

—5% [49]

—10% [49]
—30% [54]
—10% [30]

— 15% [25]

—30% [25]

— 10% [44]
— 5% [49]

—10% [30, 49]

—10%[3
—20% [3
—10%(
—20%[
—10%[
—20%[
—10% [
—20%[
—10%[
—20%[3

—10%[3
—20% [3

1]
1]
31]
31]
31]
31]
31]
31]
31]
1]
1]
1]

—046 (—1.35,043)

—-1.25(-2.22, —0.27)

—0.39(—1.27,0.50)

—1.23(-2.20, —0.25)

—0.17 (—0.58,0.25)
—0.24 (—0.65,0.18)
—2.27(-3.45, —1.09)
—1.15(—1.84, —0.46)

—028(—1.17,0.60)

—0.90 (—1.83,0.03)

0.52(—0.13,1.17)
—035(—=0.76,0.07)
—0.73(—1.08, —0.37)

—0.07(—-0.87,0.73)
—0.66 (—149,0.16)
—0.14 (—0.94, 0.66)
—041(—1.22,040)
—0.18(—0.98,0.63)
—036(—1.17,044)
—0.08 (—0.88,0.72)
—047(—1.28,0.34)

0.15(—=0.65,0.95)
—0.01(-0.81,0.79)
0.28 (—0.52,1.09)
0.15 (—0.66, 0.95)

SMD =+ 95% Cl are provided for each percentage increase or decrease in running step rate. SMD £ 95% Cl presented in bold are statistically significant
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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 (—0.29,042) —10% [31,44] —042(—0.93,0.08)
+20% [31] 0.08 (—0.72,0.88) —20% [31] —-1.13(—2.01, —0.26)
Tibial signal power magnitude +10% [31] 0.34 (—0.46,1.15) —10% [31] —041(—122,040)
(3-8 H2)
+20% [31] 0.54 (—0.28,1.36) —20% [31] —-0.92(-1.76, —0.07)
Tibial signal power magnitude +10% [31] 0.05 (—0.75, 0.85) —10% [31] —0.18(—0.99,0.62)
(9-20 Hz)
+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] —242(-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] 042 (—046,131)
Negative ankle work + 5% [49] 0.05 (—0.36,0.46) —5% [49] 0.07 (—0.34,049)
+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) 4+ 8% [26] 0.18 [—0.52,0.87] — 8% [26] —0.39[—1.09,0.31]
+15% [26] 054[—0.17,1.24] —15% [26] —1.07[—1.82, —0.33]
Average positive ankle power (swing) 4 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 (—143,036)
Horizontal foot velocity at initial + 5% [45] —0.15(—1.03,0.73) — 5% [45] 0.14(—0.74,1.02)
contact
+ 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] 031[—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] —028[—0.98,041]
Average SOL muscle activation + 8% [26] 0.30 [— 040, 1.00] — 8% [26] 0.26 [—0.44,0.95]
+15% [26] 049[—022,1.19] —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 (—0.41,041)
TA muscle activity—stance 30-50% +5% [32] —020(—=061,022)
+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% 4 5% [32] 0.00 (—041,041)
+10% [32] 0.00 (—041,041)
MGAS muscle activity—swing 80-90% 4+ 5% [32] —0.22(—0.63,0.20)
+10% [32] —0.45(—0.86, —0.03)
MGAS muscle activity—swing +5% [32] 0.00(—041,041)
90-100%
+10% [32] —040(—0.82,0.02)
GASTROC peak force +10% [30] 0.77 (0.11, 1.43) —10% [30] —061(—1.26,0.04)

GASTROC impulse +10% [30] 0.33(—-0.31,097) —10% [30] —0.77(—1.43, —0.11)
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Variable

Preferred SR versus Increased SR

Preferred SR versus Reduced SR

GASTROC impulse/km
Peak SOL muscle force

Peak MGAS muscle force—Ilate stance

/ early swing (0-40%)

Peak MGAS muscle force—late swing

(80-99%)
Peak TA muscle force
Rearfoot peak pressure

Midfoot peak pressure

Medial forefoot peak pressure

Lateral forefoot peak pressure

Hallux peak pressure

Rearfoot max force

Midfoot max force

Medial forefoot max force

Lateral forefoot max force

Hallux max force

Rearfoot contact area

Midfoot contact area

Medial forefoot contact area

Lateral forefoot contact area

Hallux contact area

Rearfoot contact time

Midfoot contact time

Medial forefoot contact time

Lateral forefoot contact time

Hallux contact time

+10% [30]
+10% [36]
+10% [36]

+10% [36]

+10% [36]
+5% [35, 39]
+10% [35]
180spm [57]
+ 5% [35]
—+10% [35]
180spm [57]
+ 5% [35]
—+10% [35]
+5% [35]
—+10% [35]
+5% [35]
+10% [35]
+5% [35, 39]
—+10% [35]
180spm [57]
+5% [35]
+10% [35]
180spm [57]
=+ 5% [35]
+10% [35]
+5% [35]
+10% [35]
+ 5% [35]
+10% [35]
+5% [35]
+10% [35]
+ 5% [35]
—+10% [35]
+ 5% [35]
—+10% [35]
+ 5% [35]
+10% [35]
+5% [35]
+10% [35]
+5% [35, 39]
+10% [35]
+5% [35]
+10% [35]
+5% [35]
+10% [35]
+5% [35]
+10% [35]
+5% [35]

0.60 (—
037 (-
0.14 (—

—028(—

0.11 (—
0.18 (—
031 (-
0.30(
0.08 (—
0.25(—
0.14 (-

—0.06 (—
—0.05(—

0.06 (—
0.07 (
0.04 (
0.06 (—
0.17(
030 (
1.29 (0.
0.10 (-
021 (-
0.54 (—
0.00 (—
0.00 (—
0.09 (—
0.13 (-
0.05(—
0.11 (—
006(
2(-
003(
0.05(—
0.00 (—
0.00 (—
002 (-
0.02 (—
0.00 (—
0.00 (—
—0.07
.16
—0.28
—0.26
—-0.27
—024

(-
(=
(-
5(=
—030(
(-
(-
(=
—019(—

)
)
)
—0.50,1.11)
)
)
)

—042,056
—045,053

—0.16,0.50
—0.19,0.79

0.05,1.25)
0.14,0.88)
0.37,0.64)

0.79,0.23)

0.40,0.62
0.15,0.51
0.19,0.80

041,057
0.24,0.74
0.66,0.94
0.55,0.43)
0.54,0.44)
043,0.55

)
)
)
043, 0.55)
)
)
39,2.18)
0.39,0.59)
0.28,0.70)
0.27,1.36)
049, 0.49)
0.49,0.49)
040, 0.58)
0.37,0.62)
044, 0.54)
0.38,0.60)
0.43,0.55)
0.37,061)
0.46,0.52)
044, 0.54)
049, 0.49)
0.49,0.49)
047,0.51)
0.47,0.51)
049, 0.49)
049, 0.49)
0.41,0.26)
0.65,0.33)
0.77,0.22)
0.64,0.34)
0.79,0.19)
0.75,0.23)
0.76,0.22)
0.73,0.26)
0.68,0.30)

—10% [30]
— 10% [36]
— 10% [36]

—10% [36]

—10% [36]
—5% [35, 39]
—10% [35]

—5% [35]
—10% [35]

—5% [35]
—10% [35]
—5% [35]
—10% [35]
—5% [35]
—10% [35]
—5% [35, 39]
—10% [35]

— 5% [35]
—10% [35]

— 5% [35]
—10% [35]
—5% [35]
—10% [35]
—5% [35]
—10% [35]
—5% [35]
—10% [35]
— 5% [35]
—10% [35]
—5% [35]
—10% [35]
—5%][35]
—10% [35]
—5% [35]
—10% [35]
—5% [35, 39]
—10% [35]
— 5% [35]
—10% [35]
—5% [35]
— 10% [35]
—5% [35]
—10% [35]
—5% [35]

—0.80
—051(
0.29 (—

0.26 (—

033 (—

—-0.14(—
—035(—

0.03(—
0.05(—

003 (—

—-002 (-

0.03(—
0.09 (—
—0.09 (-
—008(

4(-
—027(

0.05 (-
0.04 (—

—001 (=
—0.01(—

0.04 (—
0.10 (—

—0.11(—
—0.13(—

0.00 (—

—0.04(—

0.06 (—
0.04 (—
0.04 (—
0.04 (—
0.04 (
0.04 (—
0.00 (—
0.05 (—
—0.23
—035
—0.27
—0.26

—0.13
—-0.10
—-0.15
—0.04

)
)
)
)
—045,053)
)
)
)

(
(
(
(
—008(—
(
(
(
(

(—1.46, —0.13)
—1.03,0.00)
0.22,0.80)

0.25,0.77)

0.18,0.84)
048,0.19)
0.84,0.14)

0.46,0.52)
044, 0.54)

046, 0.52)
0.51,047)
0.46,0.52)
040, 0.58)
0.58,0.40)
0.57,041)
0.47,0.19)
0.76,0.22)

0.44,0.54)
045, 0.53)

0.50, 0.48)
0.50, 0.48)
045,0.53)
0.39,0.59)
0.60, 0.38)
0.62,0.36)
0.49, 0.49)
0.53,0.45)
043,055
045,053
045,053
045,053

045,053
049,049
044, 0.54
—0.56,0.10)
—0.85,0.14)
—0.76,0.23)
—0.75,0.23)
0.57,041)
—0.63,0.36)
—0.59,0.39)
—0.64,0.34)
—0.53,045)
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Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR
+10% [35] —0.13(—0.62,0.36) —10% [35] —0.08(—0.57,041)
Total foot contact time + 5% [39] 0.30(—0.15,0.75) — 5% [39] —0.20(—=065,0.25)
Medial forefoot contact time + 5% [39] 0.21 (—0.24,0.66) — 5% [39] —0.21 (=066, 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 (=060, 0.30)
Heel force time integral + 5% [39] 026( 0.19,0.71) —5% [39] —0.04(—049,041)
Medial forefoot force time integral +5% [39] 7(—0.28,062) — 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 (=066, 0.24)
Lateral forefoot force time integral +5% [39] 0(—035,055) — 5% [39] 0(—0.55,035)
Total foot peak force + 5% [39] 2(—0.33,057) —5% [39] 0.05 (—040 0.50)
Medial forefoot peak force + 5% [39] 0.06 (—0.39,0.51) — 5% [39] 1(—0.56,034)
Central forefoot peak force + 5% [39] 0.05 (— 040, 0.50) — 5% [39] —005( 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 4+ 5% [39] 0.28(—0.17,0.73) —5% [39] 0.02 (—0.43,047)
Central forefoot pressure time integral 4 5% [39] 0.18 (—0.27,0.63) —5% [39] —0.15 (—0.60, 0.30)
Lateral forefoot pressure time integral 4+ 5% [39] 033(—0.12,0.78) — 5% [39] 0.03 (—0.42,048)
Forefoot max force 180spm [57] 0.78 (—0.05,1.62)
Forefoot max pressure 180spm [57] 047 (—0.34,1.28)
Kinematics Average ankle PF/DF at IC + 5% [45] 0.05(—0.83, 092) — 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] —027(—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% Cl are provided for each percentage increase or decrease in running step rate. SMD £ 95% Cl 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

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; I?=0%); and moderate
evidence of no difference in average knee flexion at initial
contact (1IHQ [34] and 2MQ [45, 49]; —0.23, —0.53 to
0.07; *=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; I*=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; ’=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; *=0%).

Hip Thirteen studies [23, 24, 26, 32—34, 36, 38, 41, 44, 45,
49, 51, 55] evaluated 67 biomechanical variables at the hip.
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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] 049 (—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] —021(—062,021)
—+10% [49] 0.75(0.32,1.18) —10% [49] —0.53(—0.95, —0.10)
Average positive knee power + 8% [26] 041[—0.29,1.11] — 8% [26] —0.22[—0.92,047]
(stance)
+ 15% [26] 0.68 [—0.04,1.39] —15% [26] —047[—1.17,0.24]
Average positive knee power + 8% [26] 0.22[—048,091] — 8% [26] 0.00 [—0.69, 0.69]
(swing)
+15% [26] 0.22[—048,091] —15% [26] 0.22[—048,091]
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- 4 5% [45] 0.28 (—0.61,1.16) —5% [45] —0.28(—1.17,060)
ing stance
+10% [45] 0.67 (—0.24,1.57) —10% [45] —092 (—1.86,001)
VL muscle activity—stance +5% [32] 0.18 (—0.24,0.59)
0-15%
+10% [32] 0.17 (—0.25,0.58)
VL muscle activity—swing +5% [32] —0.44 (—0.86, —0.02)
80-90%
+10% [32] —0.43 (—0.85, —0.01)
VL muscle activity—swing +5% [32] 0.12(—0.30,0.53)
90-100%
+10% [32] 0.11 (—=0.30,0.52)
RF muscle activity—stance +5% [32] 0.09 (—0.32,0.51)
0-15%
+10% [32] 0.00 (—041,041)
RF muscle activity— +5% [32] 0.00(—0.41,041)
stance30-50%%
+10% [32] —042 (—0.84,0.00)
RF muscle activity—swing +5% [32] 0.00(—0.41,041)
80-90%
+10% [32] —023(—064,0.18)
RF muscle activity—swing +5% [32] —0.39(—0.81,0.03)
90-100%
+10% [32] —0.78 (—1.21, —0.35)
LHAMS muscle activity—stance + 5% [32] 0.00(—0.41,041)
0-15%
+10% [32] —0.15(—0.56,0.27)
LHAMS muscle activity—swing  + 5% [32] 0.12(—0.29,0.54)

70-80%

+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  + 5% [32] —0.10(—=0.51,031)
80-90%
+10% [32] —0.16 (—0.58,0.25)
LHAMS muscle activity—swing 4 5% [32] —0.10(—=0.52,0.31)
90-100%
+10% [32] 0.00 (—041,041)
MHAMS muscle activity— +5% [32] —0.22 (—0.63,0.20)
stance 0-15%
+10% [32] —020(—061,0.22)
MHAMS muscle activity—swing  + 5% [32] —0.12(—0.54,0.29)
70-80%
+10% [32] —040(—0.81,0.02)
MHAMS muscle activity—swing  + 5% [32] 0.09 (—0.33,0.50)
80-90%
+10% [32] —0.08 (—049,0.34)
MHAMS muscle activity—swing  + 5% [32] —020(—0.61,0.22)
90-100%
+10% [32] —0.10(—052,031)
BF positive work +10% [51] 0.00 (—0.51,051) —10% [51] 0.06 (—0.44,0.57)
BF negative work +10% [51] 0.25(—0.26,0.75) —10% [51] —0.07(—=0.57,044)
SMEM positive work +10% [51] 0.00 (—0.51,0.51) —10% [51] —0.27(—0.78,0.23)
SMEM negativework +10% [51] 044 (—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] 022 (—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] —046(—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] —021(=0.72,0.30) —10% [36] 044 (—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] —020(=0.71,031) —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 + 10% [50] —0.06 (—0.57,044) —10% [50] 0.53(0.02, 1.05)
swing
Peak SMEM muscle force— + 10% [50] —027(—0.78,0.24) —10% [50] 0.20 (—0.31,0.71)
stance
Peak SMEM muscle force—late 4+ 10% [51] —0.19(—0.70,0.32) —10% [51] 0.60 (0.08, 1.12)
swing
Peak RF muscle force—stance +10% [51] 037 (—0.14,0.88) —10% [51] —0.36(—0.87,0.15)
Peak RF muscle force—early +10% [51] —0.68 (—1.20, —0.15) —10%[51] 047 (—0.04,0.98)
swing
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 (—042,1.20)
+10% [29, 33, 34,47, 49] 0.66 (0.40, 0.92) —10% [49] —0.92(—-1.35, —0.48)

Peak knee flexion % of GC

+ 10% (at 4 — weeks) [23]
+10% (at 12 — weeks) [23]

[
(
(
+10% [47]

0.91 (0.06, 1.76)
0.60 (—0.22,143)
—044(—1.33,045)
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Preferred SR versus Reduced SR

Variable Preferred SR versus Increased SR
Knee flexion excursion +10% [47]
Average knee ADD/ABD at IC +10% [34]
Average knee ADD/ABD during 4 10% [34]
stance phase
Peak knee ADD/ABD during + 10% [34]
stance phase
Average knee ER at IC —+10% [34]
Average knee ER during stance 4 10% [34]
phase
Peak knee ER during stance + 10% [34]
phase
Peak knee IR angle + 10% [46]
Peak knee IR % of GC +10% [47]

Average knee flexion at IC + 5% [45, 49]
+ 10% [34, 45, 49]
Average knee flexion during +10% [34]

stance phase

1.67 (0.62, 2.73)
—0.10 (—0.60, 0.40)
—0.06 (—0.56,0.44)

0.17 (—0.33,0.66)

—0.11(—0.61,0.39)
—0.03(—0.53,046)

—0.09(—0.59,041)

—0.14(—1.02,0.73)
—029(—=1.17,059)
—0.19(—0.57,0.18) — 5% [45, 49] 0.15(—0.22,0.53)
—0.23(—=053,0.07) —10% [45, 49] 0.18 (—0.20,0.55)

0.28 (—0.22,0.78)

SMD £ 95% Cl are provided for each percentage increase or decrease in running step rate. SMD £ 95% Cl 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

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; ’=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; 2=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; I*=0%); and limited evidence
of reduced peak hip flexion during stance phase (1HQ [34]
and 1IMQ [49]; 0.42, 0.10 to 0.75; I>=0%), no difference in
average hip flexion at initial contact (1HQ [34] and 1IMQ
[45]; 0.14, —0.29 to 0.57; P=0%) and no difference in peak
hip internal rotation during stance phase (1HQ [34] and
1MQ [49]; 0.07, —0.25 to 0.38; > =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; 2 =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.
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Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR
Kinetics Hip extension moment at IC + 5% [49] —0.20(—061,0.22) — 5% [49] 0.00 (—041,041)
+ 10% [49] —020(—061,0.22) —10% [49] 020 (—0.22,061)
Hip extensor moment during +10% [33] 0.18 (—045,0.82)
stance phase
Peak hip abduction moment + 5% [49] 0.00 (—041,041) — 5% [49] 0.00 (—041,041)
+ 10% [49] 0.25(—0.17,0.66) —10% [49] —0.22 (—0.63,0.20)
Peak hip IR moment + 5% [49] 0.00 (—041,041) — 5% [49] 0.00 (—041,041)
+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)

Positive hip work

Average positive hip power
(stance)

Average positive hip power
(swing)

GMAX muscle activity—stance
0-15%

GMAX muscle activity—swing
80-90%

GMAX muscle activity—swing
90-100%

GMED muscle activity—stance
0-15%

GMED muscle activity—swing
80-90%

GMED muscle activity—swing
90-100%

GMAX positive work
GMAX negative work
GMED positive work
GMED negative work
GMIN positive work
GMIN negative work

TFL positive work

+10% [44, 49]
+ 5% [49]
+10% [49]

+ 8% [26]

—+15% [26]
+8% [26]

+15% [26]
+5% [32]

+10% [32]
+5% [32]

+10% [32]
+5% [32]

+10% [32]
+5% [32]

+10% [32]
+5% [32]

+10% [32]
—+5% [32]

+10% [32]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]

—0.55(-0.91, —0.20)
0.04 (—0.37,0.46)
0.13(—0.28,0.54)
0.14 [—0.55,0.83]

0.31[—-0.39,1.01]
—0.82[—1.55, —0.10]

—-1.61[—-2.42, —0.80]
—0.11(—-0.52,0.30)

—0.33(—0.74,0.09)
—0.15(—=0.57,0.26)

—0.60(—1.02, —0.18)
—0.17(—0.58,0.24)

—0.34 (—0.76,0.07)
—0.10(—=0.51,0.31)

—030(—=0.71,0.12)
—0.33(—0.75,0.09)

—0.70(—1.13, —0.27)
—0.12(—0.54,0.29)

—0.46 (—0.88, —0.04)
0.37(—0.14,0.88)
—037(-0.88,0.14)
0.88 (0.34, 1.41)
—0.85(—-1.37, —0.32)
0.72(0.20, 1.24)

—0.69 (—1.21, —0.17)
0.20 (—0.31,0.70)

—10% [44, 49]
— 5% [49]
—10% [49]

— 8% [26]

—15% [26]
— 8% [26]

—15% [26]

—10% [51]
—10% [51]
—10% [51]
—10% [51]
—10% [51]
—10% [51]
—10% [51]

—0.67 (—1.02, —0.31)
—0.20(—-0.61,0.22)
—0.49 (-0.91, —0.07)
—0.07[—-0.76,0.62]

—042[—1.12,0.28]
0.63[—0.08, 1.35]

1.13[0.38, 1.88]

—0.64(—1.16, —0.12)
0.54(0.02, 1.05)
—0.88(—1.41, —0.35)
0.28(—0.23,0.79)
—042(—0.94,0.09)
0.00 (—0.51,0.51)
0.00(—0.51,051)
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Variable

Preferred SR versus Increased SR

Preferred SR versus Reduced SR

TFL negative work
SART positive work

SART negative work
Psoas positive work
Psoas negative work
lliacus positive work
lliacus negative work
ADDMAG positive work
ADDMAG negative work
ADDBREV positive work
ADDBREV negative work
ADDLONG positive work
ADDLONG negative work
Piriformis positive work

Piriformis negative work

Peak GMED muscle force—Ilate
stance / early swing (0-40%)

Peak GMED muscle force—Ilate

swing (80-99%)

Peak GMAX muscle force—Ilate
stance / early swing (0-40%)

Peak GMAX muscle force—Ilate

swing (80-99%)

Peak GMED muscle force—
stance

Peak GMED muscle force—Ilate

swing

Peak GMIN muscle force—
stance

+10% [51]
+10% [51]

+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
+10% [51]
—+10% [36]

+10% [36]

+10% [36]

+10% [36]

+10% [51]

+10% [51]

+10% [51]

Peak GMIN muscle force—early 4 10% [51]

swing

Peak GMIN muscle force—late

swing
Peak GMAX muscle force—
stance

Peak GMAX muscle force—late

swing

Peak TFL muscle force—early

swing

Peak SART muscle force—early

swing

+10% [51]

+10% [51]

+10% [51]

+10% [51]

+10% [51]

Peak psoas muscle force—early 4 10% [51]

swing

Peak iliacus muscle force—early 4 10% [51]

swing

Peak ADDMAG muscle force—

stance

+10% [51]

—0.28(—0.79,0.23) —10% [51]
—033(—-0.84,0.18) —10% [51]

—0.62(—1.14, —0.11) —10% [51]
0.00(—0.51,051) —10% [51]
—0.25(—-0.76,0.25) —10% [51]
—0.55(—1.06, —0.03) —10% [51]
—0.13(—0.64,0.38) —10% [51]
0.21 (=0.30,0.72) —10% [51]
—0.56(—1.07, —0.04) —10% [51]

0.07 (—0.43,0.58) —10% [51]
—049 (—1.00,0.02) —10% [51]
0.10 (—0.40,0.61) —10% [51]
—044 (—0.95,0.08) —10% [51]
0.28 (—0.23,0.79) —10% [51]
—0.22(—-0.73,0.29) —10% [51]
0.90(0.37, 1.43) —10% [36]
—032(-083,0.19) —10% [36]
0.57 (0.05, 1.09) —10% [36]
—007(-058,043) —10% [36]
0.88 (0.34, 1.41) —10% [51]
—0.31(—0.82,0.20) —10% [51]
0.61(0.09, 1.13) —10% [51]
0.08 (—0.43,0.59) —10% [51]
—0.28(—0.79,0.23) —10% [51]
042 (—0.09,0.93) —10% [51]
—0.07 (—0.58,043) —10% [51]
—0.36 (—0.87,0.15) —10% [51]

—0.54(—1.06, —0.03) —10% [51]

—0.05 (—0.56,045) —10% [51]
—0.29(—-0.80,0.22) —10% [51]
0.08 (—042,0.59) —10% [51]

0.00 (—0.51,0.51)
0.00(—0.51,051)

0.62(0.11, 1.14)
0.04 (—047,0.54)
0.23(—0.28,0.74)
0.58 (0.06, 1.10)
0.33(—0.18,0.84)
—0.21(-0.72,0.30)
0.22(—0.29,0.73)
0.21 (—0.30,0.72)
0.20 (—0.31,0.70)
0.21(—0.30,0.72)
0.36 (—0.15,0.87)
—044(—0.95,0.08)
0.36 (—0.15,0.87)
—0.54(-1.05, —0.02)

049 (—0.02,1.01)

—0.78 (—-1.30, —0.25)

0.33(—0.18,0.84)

—0.54(—-1.05, —0.02)

044 (—0.07,0.96)

—032(-083,0.19)

041 (-0.10,0.92)

040 (—0.11,091)

—0.71(—1.24, —0.19)

0.33(—0.18,0.84)

0.37(—0.14,0.88)

0.35(—0.16,0.86)

0.12(—0.38,0.63)

044 (—0.08,0.95)

—0.34(-0.85,0.17)
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Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR
Peak ADDBREV muscle force—  +10% [51] —0.18(—0.69,032) —10% [51] 0.32(—0.19,0.83)
early swing
Peak ADDLONG muscle force—  +10% [51] —0.11(—061,040) —10% [51] 0.05 (—0.45,0.56)
early swing
Peak piriformis muscle force— 4 10% [51] 045 (—0.06,0.96) —10% [51] — 047 (—0.98,0.05)
stance
Peak piriformis muscle force—  +10% [51] —0.65(—1.17, —0.13) —10% [51] 0.63(0.11, 1.15)
early swing
Peak piriformis muscle force—  +10% [51] —0.09(—0.60,041) —10% [51] 0.15 (—0.36,0.66)
late swing
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] —035(—1.23,0.54)
Average hip flexion during +10% [34] 0.07 (—042,057)
stance phase
Peak hip flexion during stance + 5% [49] 0.25(—0.16,0.67) — 5% [49] —0.21(—=0.62,0.20)
phase
+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(—=0.53,047)
Average hip adduction during +10% [34] 0.00 (—0.49, 0.50)
stance phase
Peak hip adduction during + 5% [49] 0.28 (—0.14,0.69) — 5% [49] —0.12(—0.53,0.29)
stance phase
+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 + 10% [34] 0.02 (—048,0.52)
phase
Peak hip IR during stance phase 4+ 5% [49] 0.02 (—0.39,044) — 5% [49] —0.09(—=0.50,0.32)
+10% [34, 49] 0.07 (—0.25,0.38) —10% [49] —0.19(—061,022)
+ 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% Cl are provided for each percentage increase or decrease in running step rate. SMD £ 95% Cl 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

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

Variable Preferred SR versus Increased SR Preferred SR versus Reduced SR
Kinetics Peak sacral acceleration +10% [44] —063(—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(—051,049)

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]
4 10% (post 12 weeks) [23]

1.39(0.48, 2.30)
1.39(0.48, 2.30)

SMD =+ 95% Cl are provided for each percentage increase or decrease in running step rate. SMD £ 95% Cl presented in bold are statistically significant

Abbreviations: /C initial contact

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 VO, [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. VO,). 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
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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] 031(—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(—1.24,053)
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] 046 (—043,1.35)
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(—0.93,082)
Sagittal thigh versus transverse shank: terminal swing distal segment +10% [47] 038 (—0.51,1.27)
Sagittal thigh versus transverse shank: terminal swing proximal segment +10% [47] —062(—152,0.28)
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] 046 (—0.44,1.35)
Sagittal thigh versus transverse shank: mid stance anti-phase +10% [47] 034 (—0.54,1.23)
Sagittal thigh versus transverse shank: mid stance distal segment +10% [47] —048(—137,041)
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] —047(—136,042)
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] 053 (—0.37,143)
Transverse thigh versus transverse shank: terminal swing proximal segment 4 10% [47] —0.04(—091,0.84)
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] 031(—058,1.19)
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(—154,0.27)
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Variables

Preferred SR versus Increased SR

Coordination Variability

Transverse thigh versus transverse shank: mid stance anti-phase
Transverse thigh versus transverse shank: mid stance distal segment

Transverse thigh versus transverse shank: mid stance proximal segment
Transverse thigh versus transverse shank: late stance in-phase
Transverse thigh versus transverse shank: late stance anti-phase
Transverse thigh versus transverse shank: late stance distal segment
Transverse thigh versus transverse shank: late stance proximal segment
Transverse shank versus frontal rearfoot: terminal swing in-phase
Transverse shank versus frontal rearfoot: terminal swing anti-phase
Transverse shank versus frontal rearfoot: terminal swing distal segment
Transverse shank versus frontal rearfoot: terminal swing proximal segment
Transverse shank versus frontal rearfoot: early stance in-phase
Transverse shank versus frontal rearfoot: early stance anti-phase
Transverse shank versus frontal rearfoot: early stance distal segment
Transverse shank versus frontal rearfoot: early stance proximal segment
Transverse shank versus frontal rearfoot: mid stance in-phase
Transverse shank versus frontal rearfoot: mid stance anti-phase
Transverse shank versus frontal rearfoot: mid stance distal segment
Transverse shank versus frontal rearfoot: mid stance proximal segment
Transverse shank versus frontal rearfoot: late stance in-phase
Transverse shank versus frontal rearfoot: late stance distal segment
Transverse shank versus frontal rearfoot: late stance proximal segment

Sagittal thigh versus sagittal shank: terminal swing
Sagittal thigh versus sagittal shank: early stance

Sagittal thigh versus sagittal shank: mid stance

Sagittal thigh versus sagittal shank: late stance

Sagittal thigh versus transverse shank: terminal swing
Sagittal thigh versus transverse shank: early stance
Sagittal thigh versus transverse shank: mid stance
Sagittal thigh versus transverse shank: late stance
Transverse thigh versus transverse shank: terminal swing
Transverse thigh versus transverse shank: early stance
Transverse thigh versus transverse shank: mid stance
Transverse thigh versus transverse shank: late stance
Transverse shank versus frontal forefoot: terminal swing
Transverse shank versus frontal forefoot: early stance
Transverse shank versus frontal forefoot: mid stance

Transverse shank versus frontal forefoot: late stance

+10% [47]
+10% [47]

+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]
+10% [47]

0.00 (—0.88,0.88)
0.12 (—0.75,1.00)

0.39(—-0.50, 1.27)
0.10(—0.78,0.97)
0.03(—0.84,091)
—057(147,032)
0.33(—055,122)
0.00 (—0.88,0.88)
—031(-1.20,0.57)
0.09 (—0.79,0.96)
0.21 (—0.66, 1.09)
0.09 (—0.79,0.96)
—0.08 (—0.95,0.80)
—0.10(—=0.97,0.78)
0.18 (—0.70, 1.06)
0.39(—0.50,1.28)
—0.20 (—1.08,0.68)
—0.66 (—1.56,0.25)
0.00 (—0.88,0.88)
040 (—049,1.29)
—040(—1.28,049)
—0.11(—-0.99,0.77)

049 (—041,1.38)
—0.33(—1.22,0.55)
—0.17(—=1.05,0.71)
041 (—048,1.30)
—0.11(—=0.99,0.77)
1.70 (0.64, 2.75)
080(—0.12,1.71)
0.74(—0.17,1.65)
—0.08 (—0.95,0.80)
1.18(0.22, 2.15)
049 (—0.40, 1.39)
—0.02(-0.09,0.85)
1.33(0.34,2.32)
044 (—045,1.33)
—0.02 (=090, 0.86)
—0.20(—1.08,0.68)

SMD =+ 95% Cl are provided for each percentage increase or decrease in running step rate. SMD + 95% Cl presented in bold are statistically significant
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INCREASED STEP RATE

REDUCED STEP RATE

1 Trans. thigh vs frontal forefoot: terminal

swing (+10%) 1 Peak IR moment (+10%)

1 Glute med. positive work (+10%)
1 Glute min. positive work (+10%)
1 Glute med. peak force (stance) (+10%)

7 Sag. thigh vs sag. shank: terminal swing
anti-phase (+10%)

1 Glute min. peak force (stance) (+10%)
1 Peak hip flexion (stance) (+10%)

1 Peak hip adduction (stance) (+10%)

1 Negative hip work (+10%)

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

T Glute max. activity (swing 80-90%) (+10%)
7T Glute med. Activity (swing 80-90%) (+10%)
T Glute med. negative work (+10%)

T Glute min. negative work (+10%)

T Peak sartorius force (early swing) (+10%)
T Peak piriformis force (early swing) (+10%)
7T sartorius negative work (+10%)

T lliacus positive work (+10%)

T Adductor magnus negative work (+10%)

Knee
1 Peak PFJ stress (+10%)
1 Peak patella tendon force (+10%)

Other Gait Gait -
L sag. thigh vs sag. shank: terminal swing L Initial contact to heel distance (+10%) 1 Initial contact to heel distance (-10%) GRF & Loading Rate

y § . 7T Braking impulse (-10%)
prox. seg. (+10%) 1 step length (+8%, +10%, 180spm) T Contact time (- 1 b o
1 Sag. thigh vs trans. shank: late stance anti- 1 Contact time (+15%, +30%) 1 Step length (-8%, -10%, -15%) 1 VGRF impulse (-10%)
phase (+10%) 1 COM vertical excursion (+5%, +10%) T COM vertical excursion (-5%, -10%) VGRF (730’/3)
L sag. thigh vs trans. shank: early stance L Flight time (+10%, +30%) 1 Flight time (-10%, -30%) TRy 30%)
(+10%) 1 Downward displacement COM (+30%) T Downward displacement COM (-30%) TAVLR (:30%)
d Trans. thigh vs trans. shank: early stance
(+10%) Hip & Pelvis Hip & Pelvis

1 Glute max force (late stance / early swing) (+10%)
1 Glute med force (late stance / early swing) (+10%)

T Av. positive hip power during swing (+8%, +15%)

T Peak IR moment (-10%)

7 Positive hip work (-10%)

T Negative hip work (-10%)

7T Glute max. positive work (-10%)

T Glute med. positive work (-10%)

7T Glute med. peak force (stance) (-10%)

7 Glute max force (stance) (-10%)

7T Glute max. force (late stance / early swing) (-
0%

7T Glute med. force (late stance / early swing) (-

10%)

T Peak hip flexion (stance) (-10%)

4 Av. Positive hip power during swing ( )
1 Glute max. negative work (-10%)

1 sartorius negative work (-10%)

1 lliacus positive work (-10%)

1 Peak piriformis force (early swing) (-10%)
1 Hip extension (-10%)

Knee 1 Pelvic tilt (-10%)

T Peak patella tendon force (-10%)
7T Positive knee work (-10%)

1 Peak knee extensor moment (+10%)
1 Positive knee work (+5%, +10%)
1 Negative knee work (+5%, +10%)
1 Quadriceps peak force (+10¢

Foot & Ankle
1 Positive ankle work (+10%)

1 Gastrocnemius peak force (+10%)

1 Quadriceps impulse (+10: 1 Rearfoot max force (180spm)

1 Peak VL muscle force ( ) 1 Peak stance phase PF / DF (+10%)

1 Peak knee flexion (+5%, +10%) 1 Leg compression (+30%)

1 Knee flexion excursion (+10%) 1 Foot strike angle (+5%, +10%, +15%)

T VL activity (swing 80-90%) (+5%, +10%)
T RF activity (swing 80-90%) (+10%)
7T Peak RF muscle force (early swing) (+10%)

T Leg stiffness (+30%)

T TA activity (stance 30-50%) (+10%)

T TA activity (swing 90-100%) (+10%)

T Medial gastrocnemius (swing 80-90%) (+10%)

Foot & Ankle
7T Negative ankle work (-10%)

7 Peak tibial acceleration (-20%)

T Positive ankle work (-5%, -10%)

T Gastrocnemius impulse (-10%)

T Gastrocnemius impulse / km (-10%)
7T Leg compression (-30%)

T Av. TA muscle activation (-8%)

T Negative knee work (-5%, -10%)
T Hamstring peak force (-10%)

T Quadriceps peak force (-10%)
T Quadriceps impulse (-10%)

T Peak VL muscle force (-10%)

7T Peak knee flexion

1 Peak BF muscle force (-10%)

1 Peak SMem muscle force (-10%)

1 Peak BF muscle force (late swing) (-10%)

1 Peak SMem muscle force (late swing) (-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, /VLR 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

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
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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
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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 (ie. 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.

Page 39 of 41

Author Contributions

LMA, DRB and CJB developed the initial review protocol. LMA and DRB
completed the literature search. LMA and JFM were responsible for acquisition
of data and can take responsibility for the integrity of the data. LMA and DRB
were involved in statistical analysis and interpretation of data. DRB and JFM
performed quality assessment of included studies. LMA and DRB were respon-
sible for the preparation of the manuscript with all other authors involved in
its review prior to submission for publication. The material within has not been
and will not be submitted for publication elsewhere. All authors read and
approved the final manuscript.

Funding
No financial support was received for the conduct of this study or preparation
of this manuscript.

Availability of Data and Materials
All data are provided within the main manuscript and supplementary files.

Code Availability
Not applicable.

Declarations

Ethics Approval and Consent to Participate
This is a Systematic Review. No ethical approval is required.

Competting interests
Laura M. Anderson, Daniel R. Bonanno, Joel F. Martin and Christian J. Barton
declare that they have no competing interests.

Author details

The Injury Clinic, 100 Fyans Street, South Geelong, VIC 3220, Australia.
“Discipline of Podiatry, School of Allied Health, Human Services and Sport, La
Trobe University, Melbourne, VIC 3086, Australia. >La Trobe Sport and Exercise
Medicine Research Centre, School of Allied Health, Human Services and Sport,
La Trobe University, Melbourne, VIC 3086, Australia. “Department of Physio-
therapy, School of Primary and Allied Health Care, Faculty of Medicine, Nursing
and Health Science, Monash University, Melbourne, VIC 3800, Australia.

Received: 18 January 2022 Accepted: 7 August 2022
Published online: 04 September 2022

References

1. Pedisic Z, Shrestha N, Kovalchik S, Stamatakis E, Liangruenrom N, Grgic J,
et al. Is running associated with a lower risk of all-cause, cardiovascular
and cancer mortality, and is the more the better? A systematic review
and meta-analysis. Br J Sports Med. 2020;54(15):898-905.

2. Kakouris N, Numan Y, Fong DTP. A systematic review of running-related
musculoskeletal injuries in runners. J Sport Health Sci. 2021.

3. Nakaoka G, Barboza S, Verhagen E, van Mechelen W, Hespanhol L. The
Association Between the Acute:Chronic Workload Ratio and Running-
Related Injuries in Dutch Runners: A Prospective Cohort Study. Sports
Med. 2021.

4. Francis P, Whatman C, Sheerin K, Hume P, Johnson MI. The proportion of
lower limb running injuries by gender, anatomical location and specific
pathology: a systematic review. J Sports Sci Med. 2019;18(1):21-31.

5. Gabbett TJ. Debunking the myths about training load, injury and
performance: empirical evidence, hot topics and recommendations for
practitioners. Br J Sports Med. 2020;54(1):58.

6. Gabbett TJ, Hulin BT, Blanch P, Whiteley R. High training workloads alone
do not cause sports injuries: how you get there is the real issue. Br J
Sports Med. 2016;50(8):444.

7. Barton CJ. Managing RISK when treating the injured runner with running
retraining, load management and exercise therapy. Phys Therapy Sport.
2018;29:79-83.



Anderson et al. Sports Medicine - Open

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

(2022)8:112

Barton CJ, Bonanno DR, Carr J, Neal BS, Malliaras P, Franklyn-Miller A, et al.
Running retraining to treat lower limb injuries: a mixed-methods study
of current evidence synthesised with expert opinion. Br J Sports Med.
2016;50(9):513-26.

Gruber AH, Umberger BR, Braun B, Hamill J. Economy and rate of
carbohydrate oxidation during running with rearfoot and forefoot strike
patterns. J Appl Physiol. 2013;115(2):194-201.

Melcher DA, Paquette MR, Schilling BK, Bloomer RJ. Joint stiffness and
running economy during imposed forefoot strike before and after a long
run in rearfoot strike runners. J Sports Sci. 2017;35(23):2297-303.

. Schubert AG, Kempf J, Heiderscheit BC. Influence of stride frequency

and length on running mechanics: a systematic review. Sports Health.
2014;6(3):210-7.

Anderson LM, Bonanno DR, Hart HF, Barton CJ. What are the benefits

and risks associated with changing foot strike pattern during running?

A systematic review and meta-analysis of injury, running economy, and
biomechanics. Sports Med. 2020;50(5):885-917.

Downs SH, Black N. The feasibility of creating a checklist for the assess-
ment of the methodological quality both of randomised and non-
randomised studies of health care interventions. J Epidemiol Community
Health. 1998;52(6):377-84.

Van Tulder M, Furlan A, Bombardier C, Bouter L. Updated method guide-
lines for systematic reviews in the cochrane collaboration back review
group. Spine (Phila Pa 1976). 2003;28(12):1290-9.

Esculier JF, Bouyer LJ, Dubois B, Fremont P, Moore L, McFadyen B, et al.

Is combining gait retraining or an exercise programme with education
better than education alone in treating runners with patellofemoral pain?
A randomised clinical trial. Br J Sports Med. 2018;52(10):659-66.

Futrell EE, Gross KD, Reisman D, Mullineaux DR, Davis IS. Transition to
forefoot strike reduces load rates more effectively than altered cadence. J
Sport Health Sci. 2020;9(3):248-57.

Lyght M, Nockerts M, Kernozek TW, Ragan R. Effects of foot strike and
step frequency on achilles tendon stress during running. J Appl Biomech.
2016;32(4):365-72.

Willson JD, Ratcliff OM, Meardon SA, Willy RW. Influence of step length
and landing pattern on patellofemoral joint kinetics during running.
Scand J Med Sci Sports. 2015;25(6):736-43.

Mercer JA, Devita P, Derrick TR, Bates BT. Individual effects of stride length
and frequency on shock attenuation during running. Med Sci Sports
Exerc. 2003;35(2):307-13.

Thompson MA, Gutmann A, Seegmiller J, McGowan CP. The effect of
stride length on the dynamics of barefoot and shod running. J Biomech.
2014;47(11):2745-50.

Willson JD, Sharpee R, Meardon SA, Kernozek TW. Effects of step length
on patellofemoral joint stress in female runners with and without patel-
lofemoral pain. Clin Biomech. 2014,29(3):243-7.

Allen DJ, Heisler H, Mooney J, Kring R. The effect of step rate manipula-
tion on foot strike pattern of long distance runners. Int J Sports Phys Ther.
2016;11(1):54-63.

Bramah C, Preece SJ, Gill N, Herrington L. A 10% increase in step rate
improves running kinematics and clinical outcomes in runners with
patellofemoral pain at 4 weeks and 3 months. Am J Sports Med.
2019;47(14):3406-13.

Dewolf A, De Jaeger D. Effect of stride length on maximal pelvic tilt and
hip extension during running. Comput Methods Biomech Biomed Engin.
2015;18(Suppl 1):1926-7.

Hobara H, Sakaguchi M, Sato T, Nakazawa K. Step frequency and lower
extremity loading during running. Int J Sports Med. 2012;33(4):310-3.
Swinnen W, Mylle |, Hoogkamer W, De Groote F, Vanwanseele B. Chang-
ing stride frequency alters average joint power and power distributions
during ground contact and leg swing in running. Med Sci Sports Exerc.
2021;27(27):27.

Baumgartner J, Gusmer R, Hollman J, Finnoff JT. Increased stride-rate in
runners following an independent retraining program: a randomized
controlled trial. Scand J Med Sci Sports. 2019;29(11):1789-96.

Bonacci J, Fox A, Hall M, Fuller JT, Vicenzino B. Footwear and cadence
affect gait variability in runners with patellofemoral pain. Med Sci Sports
Exerc. 2020;52(6):1354-60.

Bonacci J, Hall M, Fox A, Saunders N, Shipsides T, Vicenzino B. The influ-
ence of cadence and shoes on patellofemoral joint kinetics in runners
with patellofemoral pain. J Sci Med Sport. 2018;21(6):574-8.

30.

31

32.

33

34.

35.

36.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 40 of 41

Bowersock CD, Willy RW, DeVita P, Willson JD. Independent effects of step
length and foot strike pattern on tibiofemoral joint forces during running.
J Sports Sci. 2017,35(20):2005-13.

Busa MA, Lim J, Van Emmerik REA, Hamill J. Head and tibial acceleration
as a function of stride frequency and visual feedback during running.
PLoS One. 2016;11(6).

Chumanov ES, Wille CM, Michalski MP, Heiderscheit BC, Chumanov ES,
Wille CM, et al. Changes in muscle activation patterns when running step
rate is increased. Gait Posture. 2012;36(2):231-5.

dos Santos AF, Nakagawa TH, Lessi GC, Luz BC, Matsuo HTM, Nakashima
GY, et al. Effects of three gait retraining techniques in runners with patel-
lofemoral pain. Phys Ther Sport. 2019;36:92-100.

dos Santos AF, Nakagawa TH, Nakashima GY, Maciel CD, Serrdo F. The
effects of forefoot striking, increasing step rate, and forward trunk lean
running on trunk and lower limb kinematics and comfort. Int J Sports
Med. 2016;37(5):369-73.

Gerrard JM, Bonanno DR. Increasing preferred step rate during running
reduces plantar pressures. Scand J Med Sci Sports. 2018;28(1):144-51.
Lenhart RL, Thelen DG, Wille CM, Chumanov ES, Heiderscheit BC. Increas-
ing running step rate reduces patellofemoral joint forces. Med Sci Sports
Exerc. 2014;46(3):557-64.

. Lieberman DE, Warrener AG, Wang J, Castillo ER. Effects of stride fre-

quency and foot position at landing on braking force, hip torque, impact
peak force and the metabolic cost of running in humans. J Exp Biol.
2015;218(Pt 21):3406-14.

Wang J, Luo Z, Dai B, Fu W. Effects of 12-week cadence retraining on
impact peak, load rates and lower extremity biomechanics in running.
PeerJ. 2020;8: €9813.

Wellenkotter J, Kernozek TW, Meardon S, Suchomel T. The effects of run-
ning cadence manipulation on plantar loading in healthy runners. Int J
Sports Med. 2014;35(9):779-84.

Willy RW, Buchenic L, Rogacki K, Ackerman J, Schmidt A, Willson JD.
In-field gait retraining and mobile monitoring to address running bio-
mechanics associated with tibial stress fracture. Scand J Med Sci Sports.
2016;26(2):197-205.

Yong JR, Silder A, Montgomery KL, Fredericson M, Delp SL. Acute changes
in foot strike pattern and cadence affect running parameters associated
with tibial stress fractures. J Biomech. 2018;76:1-7.

Hunter |, Smith GA. Preferred and optimal stride frequency, stiffness and
economy: changes with fatigue during a 1-h high-intensity run. Eur J
Appl Physiol. 2007;100(6):653-61.

Adams D, Pozzi F, Willy RW, Carrol A, Zeni J. Altering cadence or vertical
oscillation during running: effects on running related injury factors. Int J
Sports Phys Ther. 2018;13(4):633-42.

Baggaley M, Vernillo G, Martinez A, Horvais N, Giandolini M, Millet GY,

et al. Step length and grade effects on energy absorption and impact
attenuation in running. Eur J Sport Sci EJSS Off J Eur Coll Sport Sci.
2020;20(6):756-66.

Clarke TE, Cooper LB, Hamill CL, Clark DE. The effect of varied stride rate
upon shank deceleration in running. J Sports Sci. 1985;3(1):41-9.
Connick MJ, Li F-X. Changes in timing of muscle contractions and run-
ning economy with altered stride pattern during running. Gait Posture.
2014;39(1):634-7.

Hafer JF, Freedman Silvernail J, Hillstrom HJ, Boyer KA. Changes in coordi-
nation and its variability with an increase in running cadence. J Sports Sci.
2016;34(15):1388-95.

Halvorsen K, Eriksson M, Gullstrand L. Acute effects of reducing vertical
displacement and step frequency on running economy. J Strength Cond
Res. 2012;26(8):2065-70.

Heiderscheit BC, Chumanov ES, Michalski MP, Wille CM, Ryan MB. Effects
of step rate manipulation on joint mechanics during running. Med Sci
Sports Exerc. 2011;43(2):296-302.

HuangY, Xia H, Chen G, Cheng S, Cheung RTH, Shull PB. Foot strike pat-
tern, step rate, and trunk posture combined gait modifications to reduce
impact loading during running. J Biomech. 2019;86:102-9.

Lenhart R, Thelen D, Heiderscheit B. Hip muscle loads during running at
various step rates. J Orthop Sports Phys Ther. 2014;44(10):766-74.
Lenhart RL, Smith CR, Vignos MF, Kaiser J, Heiderscheit BC, Thelen DG.
Influence of step rate and quadriceps load distribution on patel-
lofemoral cartilage contact pressures during running. J Biomech.
2015;48(11):2871-8.



Anderson et al. Sports Medicine - Open

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

(2022)8:112

Mercer J, Dolgan J, Griffin J, Bestwick A. The physiological importance

of preferred stride frequency during running at different speeds. J Exerc
Physiol Online. 2008;11(3):26-32.

Morin JB, Samozino P, Zameziati K, Belli A. Effects of altered stride
frequency and contact time on leg-spring behavior in human running. J
Biomech. 2007;40(15):3341-8.

Neal BS, Barton CJ, Birn-Jeffrey A, Daley M, Morrissey D. The effects &
mechanisms of increasing running step rate: a feasibility study in a
mixed-sex group of runners with patellofemoral pain. Phys Ther Sport.
2018;32:244-51.

QuinnTJ, Dempsey SL, LaRoche DP, Mackenzie AM, Cook SB. Step
frequency training improves running economy in well-trained female
runners. J Strength Cond Res. 2019;11(11):11.

Zimmermann WO, Bakker EWP. Reducing vertical ground reaction forces:
the relative importance of three gait retraining cues. Clin Biomech.
2019;10(69):16-20.

Garofolini A, Oppici L, Taylor S. A real-time feedback method to reduce
loading rate during running: effect of combining direct and indirect
feedback. J Sports Sci. 2020,38(21):2446-53.

Dorn TW, Schache AG, Pandy MG. Muscular strategy shift in human
running: dependence of running speed on hip and ankle muscle perfor-
mance. J Exp Biol. 2012,215(11):1944-56.

Moore IS. Is there an economical running technique? A review of modifi-
able biomechanical factors affecting running economy. Sports Med.
2016;46(6):793-807.

Brindle RA, Taylor JB, Rajek C, Weisbrod A, Ford KR. Association between
temporal spatial parameters and overuse injury history in runners: a
systematic review and meta-analysis. Sports Med. 2020;50(2):331-42.
Davis IS, Bowser BJ, Mullineaux DR. Greater vertical impact loading in
female runners with medically diagnosed injuries: a prospective investi-
gation. Br J Sports Med. 2016,50(14):887.

Futrell EE, Jamison ST, Tenforde AS, Davis IS. Relationships between
habitual cadence, footstrike, and vertical load rates in runners. Med Sci
Sports Exerc. 2018;50(9):1837-41.

Johnson CD, Tenforde AS, Outerleys J, Reilly J, Davis IS. Impact-related
ground reaction forces are more strongly associated with some running
injuries than others. Am J Sports Med. 2020;48(12):3072-80.

Napier C, MacLean CL, Maurer J, Taunton JE, Hunt MA. Kinetic risk factors
of running-related injuries in female recreational runners. Scand J Med Sci
Sports. 2018;28(10):2164-72.

Ceyssens L, Vanelderen R, Barton C, Malliaras P, Dingenen B. Biomechani-
cal risk factors associated with running-related injuries: a systematic
review. Sports Med. 2019;49(7):1095-115.

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

Page 41 of 41

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	What is the Effect of Changing Running Step Rate on Injury, Performance and Biomechanics? A Systematic Review and Meta-analysis
	Abstract 
	Background: 
	Objective: 
	Design: 
	Data Sources: 
	Results: 
	Conclusion: 
	Prospero Registration: 

	Background
	Methods
	Literature Search Strategy
	Selection Criteria
	Variable Classifications
	Reported Methodological Quality Assessment
	Data Management
	Statistical Analysis
	Data Synthesis


	Results
	Search Strategy and Reported Quality
	Primary Outcomes
	Injury
	Performance
	Subjective Measures of Performance 
	Physiological Measures of Performance 


	Secondary Outcome
	Biomechanics
	Spatiotemporal Gait Parameters 
	Ground Reaction Forces, Loading Rates and Braking Impulse 
	Foot, Ankle, and Lower Leg 
	Knee 
	Hip 
	Trunk and Pelvis 



	Discussion
	Injury
	Performance
	Biomechanics
	Clinical Implications
	Limitations and Future Directions

	Conclusion
	References


