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Abstract

Background Endurance running is a popular sport and recreational activity yet is associated with a high prevalence of injury.
Running related injuries (RRIs) are a leading cause of drop-out and represent a substantial financial burden to runners and
healthcare services. There is clear evidence for the use of exercise-based injury prevention programs in games-based and
youth sport settings, yet the research investigating the use of exercise to reduce injury risk in endurance runners has not been
adequately reviewed recently.

Objectives The aim of this review and meta-analysis was to systematically summarize the current research that has investi-
gated the effect of exercise-based prevention programs and their state of supervision on the risk of RRIs in endurance runners.
Methods Three databases were searched for relevant studies. Selection and review were completed by two independent
reviewers using the following inclusion criteria: (1) study population used endurance running training for health, occupa-
tional, or performance outcome(s); (2) participants performed running as their main form of exercise (>50% of their total
training time); (3) study was a randomized controlled trial; (4) a non-running-based exercise intervention was used; (5) a
running-only or placebo exercise control group was included; (6) injury rate or incidence was reported; (7) injuries were
recorded prospectively alongside the exercise training. Two meta-analyses were conducted using random-effects models, one
based on log risk ratio and one based on log incidence rate ratio. The Cochrane Risk of Bias Assessment Tool 2 was used to
evaluate the quality of studies and the Grading of Recommendations Assessment, Development and Evaluations approach
was employed to grade the certainty of evidence.

Results A total of nine articles containing 1904 participants were included in analysis. Overall pooled results showed no
significant differences between intervention and control groups in injury risk (z=—1.60; p=0.110) and injury rate (z=—0.98;
p=0.329), while a post hoc analysis evaluating supervised interventions only showed that injury risk was significantly lower
in the intervention group compared to the control group (z=—-3.75, p<0.001). Risk of bias assessment revealed that seven
studies included in the analysis were of low quality.

Conclusions Exercise-based interventions do not appear to reduce the risk and rate of running-related injuries. Supervision
may be essential for exercise-based intervention programs to reduce risk of RRIs, possibly due to increased compliance.
Studies with more robust designs that include supervised exercise interventions should be prioritized in the future.

Trial Registry Clinical Trial Registration: PROSPERO CRD42021211274.
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Injury prevalence is high in endurance runners; however,
the research investigating the use of exercise to reduce
injury risk specifically in endurance runners has not been
reviewed adequately.

Pooled data showed that exercise-based injury preven-
tion programs provide no reduction in injury risk or
injury rate compared to running only.

Studies that used an element of supervision during
interventions tended to have greater compliance with the
exercise programs and showed significantly lower injury
risk compared to control groups.

Most studies in this area are of low quality, indicating
that future research should use more robust study designs
with supervised exercise interventions.

1 Introduction

Endurance running is a popular physical activity associated
with a myriad of health benefits such as reduced risk of non-
communicable diseases and improved mental well-being [1,
2]. Participation in community endurance running events
and initiatives has increased substantially in recent years; for
example parkrun attracts 330,000 people across 2200 events
worldwide every weekend [3] and over six million runs were
completed via the UK National Health Service ‘Couch to 5k’
application in 2022 [4]. In addition to public participation,
endurance running is also an integral component of mili-
tary training [5], is a popular sport, and constitutes a major
component of training for athletes in other sports such as
triathlon and duathlon.

Endurance running is associated with a high incidence
of running-related injuries (RRIs) [6, 7]. A recent system-
atic review encompassing over 10,000 runners noted that
both injury incidence and prevalence exceed 40% [7]. In the
military, running volume has been shown to be a leading
cause of injury, contributing to 13.5% of all injuries and
34.6% of preventable injuries [8]. Although elite runners
tend to have fewer RRIs compared to novice runners, injury
incidence is still high [9]. An observational study containing
4621 runners found injury incidence to be 8.78 for novice
runners and 4.24 for experienced runners per 1000 h of run-
ning [8]. RRIs are mainly lower limb overuse injuries, such
as patellofemoral pain, medial tibial stress syndrome, and
Achilles tendinopathy [7]. Overuse injuries generally require

a long recovery time and are often the reason for stalled
progress, pre-race drop-out [10], and runners quitting the
sport [11]. Injuries represent a substantial financial burden
to runners, health services and employers, which may be
reduced if effective injury prevention strategies were avail-
able and utilized [12].

In the presence of a high incidence of RRIs, preventative
recommendations have been put forward by academics and
medical professionals despite an absence of compelling evi-
dence to support these suggestions [13—15]. Incorporation of
strength training activities (e.g., resistance and plyometric
training) and other therapeutic exercise interventions (e.g.,
stretching, proprioception exercises, core stability exercises)
into a running program are common recommendations
[13—15]. Indeed, it has been noted that a high proportion
of endurance runners engage in strength and conditioning
(S&C) activities due to the belief it lowers the risk of sus-
taining a RRI [16, 17]. Notwithstanding the popular use of
S&C activities, previous reviews showed no clear evidence
for stretching [18, 19] and conditioning exercises to lower
RRI risk [19, 20]. However, the definition of ‘runners’ has
been poorly defined in the two existing reviews investigating
the effects of S&C and therapeutic exercise on RRIs [19,
20]. Specifically, these two reviews included studies in mili-
tary populations, which assumes injuries sustained during
basic military training activities are due to running activi-
ties and are the same as endurance RRIs. Although running
often constitutes a large part of military training, it may not
be a major component for all branches of the military used
across different studies. For example, in the three overlap-
ping military studies included in these two reviews, endur-
ance running only constituted 21% of the physical training
routine [5, 21, 22].

Prospective studies have identified that muscular weak-
ness predisposes runners to a higher incidence of patel-
lofemoral pain [23], medial tibial stress syndrome [24], and
Achilles tendinopathy [25]. From this standpoint, engaging
in activities such as resistance training that improve mus-
cular strength may therefore reduce the risk of RRI. How-
ever, a review that systematically evaluates whether these
relationships are causal in nature has not been conducted
recently for endurance runners. In the broader literature,
the protective effect of ‘neuromuscular training’ programs,
containing combinations of strength, agility, balance, core
stability, plyometric and bodyweight exercises, on the inci-
dence of sport injuries in games players [26, 27] and youth
athletes [28] is well established. Specifically, multicom-
ponent exercise programs have been shown to reduce the
risk of sustaining an overuse injury by almost half, whereas
stretching alone provided no protective effect [29]. A recent
review also found that strength training provided a dose-
dependent sports injury risk reduction [30]. Despite these
promising findings, these reviews did not include any studies
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that used endurance runners, who experience high volumes
of repetitive cyclical loading of musculoskeletal structures,
and therefore it is currently unknown whether the results are
applicable to this population.

A review of the published literature that systematically
evaluates whether exercise interventions reduce the risk of
RRIs, specifically in endurance runners, is warranted. This
information would be useful for sports medicine practition-
ers, coaches and runners to make more informed decisions
when selecting injury prevention strategies. Furthermore, a
detailed examination of the protocols used in previous stud-
ies will help identify limitations in study design and imple-
mentation, thereby directing further research in this area.
Consequently, this systematic review and meta-analysis aims
to provide an update on the current evidence surrounding the
effect of exercise programs on the risk of RRIs.

2 Methods

This study was registered a priori on PROSPERO
(CRD42021211274) and the updated PRISMA statement
[31] and PERSIST guidance [32] were used as a basis for
the procedures described herein.

2.1 Inclusion and Exclusion Criteria

For a study to be eligible at the systematic review stage, the
following inclusion criteria were met:

e Study population used endurance running training for
health, occupational (e.g., military preparation), or per-
formance (5 km—ultra-endurance events) outcome(s).
When endurance runners composed a subset of the study
population (e.g., track-and-field athletes), the study was
initially included and the corresponding author contacted
to obtain endurance runners’ data.

e Participants performed running as their main form of
training, defined as running accounting for>50% of their
total training time during the study period.

e Study was a randomized controlled trial.

¢ A non-running-based exercise intervention was used.

e A running-only or placebo exercise control group was
included.

e General or specific injury rate or incidence was reported
as an outcome measure.

e Injuries were recorded prospectively alongside the exer-
cise training.

e Published in full in a peer-reviewed journal (excluding
pre-prints).

Studies were excluded if any of the following applied:

e Participants were non-runners or endurance running
formed < 50% of the overall training program. Restric-
tions were not placed upon experience/training status.
Where there was doubt over the volume of endurance
running relative to the overall exercise training pro-
gramme, corresponding authors were contacted.

e The running training and/or intervention was not clearly
reported.

e Participants were injured at baseline (i.e., a rehabilitation
intervention was used) or reported to be in poor physical
health or symptomatic.

e Pharmaceutical or other non-exercise prevention strategy
(e.g., orthotics, independent massage sessions, nutrition)
was used alongside an exercise intervention.

2.2 Systematic Search, Study Selection and Data
Extraction

A search was conducted in PubMed, Web of Science and
SPORTDiscus on 15 January 2023, with no publication date
or language restrictions. The search was divided into blocks
of keywords and associated synonyms relating to ‘preven-
tion’, ‘injuries’, ‘non-running exercise’, ‘running’, and the
study design. Blocks were separated by the operator ‘AND’
and contained the operators ‘OR’ and ‘*’ (see Electronic
Supplementary Material (ESM) Appendix S1 for full opera-
tional search strings). Title/abstract screening and full-text
screening were conducted by two independent reviewers
(HW and RCB) using the web-based systematic review
tool Covidence (Veritas Health Innovation). Citations were
screened in the reports that were assessed for eligibility. No
automated tools were used in the identification and screen-
ing process. Data extraction and the risk of bias assessment
were conducted by the same two reviewers using a modified
version of the data extraction form recommended by the
Cochrane Handbook for Systematic Reviews of Interven-
tions [33] and the risk of bias 2 Excel Macro Form (Beta
version 7), respectively. Inter-rater reliability (IRR) percent-
age agreement and a kappa coefficient statistic (k) were cal-
culated for each stage of the process. Discrepancies regard-
ing screening, extraction, and risk of bias assessment were
resolved via discussion between the two reviewers.

2.3 Meta-Analysis

Two meta-analyses were conducted using random-effects
models: one based on injury risk (injured divided by all ath-
letes during the study period), for which the log risk ratio
was used as the outcome measure; and a second based on
injury rate (number of recorded injuries per 1000 training
hours), for which the log incidence rate ratio was used as
the outcome measure [34]. Corresponding authors of stud-
ies that lacked either injury rate or injuries per 1000 h were
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contacted for further data, and studies were excluded from
meta-analysis if relevant data were not available. For studies
that had both intention-to-treat and subgroup analysis data
available, intention-to-treat data were used preferentially.
For studies that had multiple intervention groups, partici-
pants from all intervention groups were pooled for analy-
sis. Data analysis and presentation were conducted using
metafor (version 3.4.0), a meta-analysis tool package in R
[35]. The code used for the meta-analysis in R is provided
in ESM Appendix 2. Cochrane’s Q-test, 72, and I° statistics
were calculated for heterogeneity. A 95% prediction interval
for the true outcome was calculated if heterogeneity was
present, which was defined as 72> 0 [36]. Potential outliers
and single studies that may be too influential were identi-
fied using the studentized residuals and Cook’s distances
[35]. A threshold for studentized residual was set to be
100 X (1 — 0.05/(2 X k))th percentile of a standard normal
distribution, and a threshold for Cook’s distance was set to
be median plus six times the interquartile range. A funnel
plot was produced for the injury risk meta-analysis, and
asymmetry was checked using Spearman’s rank correlation
coefficient [37] and linear regression [38].

An additional post hoc meta-analysis was performed on
studies that utilized supervision during the intervention. The
outcome measure was set to be injury risk (the number of
injured participants divided by the number of participants
in the study) and all procedures were in line with the meta-
analysis on injury risk described above, except a funnel plot
was not produced [33].

2.4 Deviations from Pre-registered Protocol

The protocol described herein deviated from the PROS-
PERO-registered protocol in the following ways:

e Originally, it was proposed that risk of bias would be
evaluated using both the Cochrane tool and the PEDro
scale, but to avoid confusion, only the Cochrane tool was
employed. An additional certainty of evidence assess-
ment using the Grading of Recommendations, Assess-
ment, Development and Evaluations (GRADE) approach
was added based on reviewer suggestions.

e [t was not possible to calculate accurate Hedges’ g effect
sizes values for most of the included studies, and there-
fore these are not reported in Sect. 3.

e Sub-group analysis for training modality was planned
in the pre-registered protocol; however the majority of
studies used mixed-mode exercise interventions, and
sub-group analysis was therefore redundant. Sub-group
analysis for training supervision was added as clear dif-
ferences were noted in the way interventions were admin-
istered in this respect.

2.5 Grading of Recommendations, Assessment,
Development and Evaluations

To rate the certainty of the evidence provided by this review,
the Cochrane GRADE approach was used [39]. Assessments
were conducted on injury risk and injury rate which were the
two outcomes analyzed in the meta-analyses. A GRADE evi-
dence profile and a summary of findings table were created
in accordance with GRADE Handbook instructions [39].
Each of the GRADE criteria were judged by the following
methods: (1) risk of bias, by inspecting the risk of bias 2
assessment results and evaluating whether the ‘high risk’
sections lowered the confidence in the estimate of effect;
(2) inconsistency, by inspecting point estimates and confi-
dence interval overlaps among studies; (3) indirectness, by
inspecting whether the study population and intervention
were directly applicable to our target topic; (4) imprecision,
by considering the optimal information size and the overlap
between the confidence interval and no effect; (5) publi-
cation bias, by inspecting the funnel plots for inexplicable
asymmetries [39].

3 Results
3.1 Search Results

Figure 1 shows a flowchart summarizing the screening pro-
cess. The initial search yielded 5896 results with 1169 dupli-
cates. Citation checking yielded an additional six papers
leaving 4733 for title and abstract screening. The eligibil-
ity screening stage excluded 4678 articles (IRR=99.2%,
k=0.65), leaving 55 articles that were taken forward for full
screening. Within these 55 studies, authors of eight stud-
ies involving military participants were contacted due to
an unspecified volume of running training completed relative
to total training volume. Four responses were received, each
confirming that physical training in the study involved < 50%
endurance running in both groups. All eight studies were
therefore excluded from further analysis. Another 36 articles
were also excluded at this point, meaning the number of arti-
cles excluded after full-text screening was 44 (IRR=90.9%,
k=0.75; ESM Tables S1-S2), leaving 11 papers for data
extraction.

During data extraction, it was identified that two studies
[40, 41] shared inexplicably similar data that could not be
reconciled. These two studies were conducted by the same
first author, and participants within the studies shared the
same baseline data for age, height, body mass, body mass
index, running experience, and several biomechanics param-
eters measured during treadmill running. However, the stud-
ies had different sample sizes and used interventions of dif-
ferent durations (6 vs. 8 weeks) and exercises. The studies
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reported identical injury occurrences during the prospective
1-year follow-up period, which meant including both in the
meta-analysis would produce a duplicate data point. The cor-
responding author of the two articles was contacted twice;
however, no response was received, and these two papers
were therefore also excluded, leaving a total of nine studies.

3.2 Study Characteristics

Table 1 provides a summary of the study characteristics
included in the review and Table 2 summarizes the training
undertaken by participants. A total of 1904 participants were
included in the analysis. Seven studies used a mixed-sex
cohort of participants [42—46, 48, 49], one used only males
[50] and one used only females [47]. Three investigations
used competitive level athletes [44, 45, 47], and six reported
using novice or recreational runners [42, 43, 46, 48-50].
Eight studies were performed on adults [42-46, 48-50] and
one used adolescents [47].

Studies used a variety of exercise modalities as part of
interventions. Most studies used a multi-modal activity
approach within sessions, including jumping or plyometric
exercises [43, 45-47], multi-joint and single-joint strength
exercises [42, 44, 47, 49], exercises focused on the core or
trunk musculature [44, 46, 47, 49], balance or propriocep-
tion exercises [42, 44, 45, 47], stretching or mobility exer-
cises [44, 47, 50], and sprint/running or agility drills [46, 47,
50]. All studies mentioned that exercises were progressed
in terms of complexity/difficulty and/or progressive over-
load was achieved via increases in volume or intensity of the
exercises. Of the studies that utilized an element of strength
training, bodyweight was used as resistance on most exer-
cises, with elastic bands used to progress intensity in two of
the studies [42, 44], and free weights used in two exercises in
another study [47]. One study used foot and ankle strength-
ening exercises including progressive overload with elastic
resistance [48].

Within the nine included studies, three studies used
interventions that were supervised, meaning that online or
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in-person supervision was provided at least once per week
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Table 2 (continued)

Intervention intensity Supervision/instruction

Intervention volume

Intervention exercises Intervention frequency

Running training

Study

Unsupervised (instruc-

Bodyweight

Warm-up/cool-down with Running drills: 6 min

Warm-up: running drills,

Con: 344 +259 km,

Van Mechelen et al. [50]

tional booklet and one

Loosening exercises:

any running sessions
Stretching 2 X per day

loosening exercises,

2.6+ 1.3 per week,

124+1

group coaching session)

3 min
Stretching: 10 min (3

stretching (hip flexors,

hamstrings, calf)
Cool-down: inverse of

.5 km/h;

Int: 370+ 263 km,

sets X 10 s each stretch)

2.8+ 1.3 per week,
12.4+1.7 km/h

warm-ux p

NSD

RT resistance training, FSST functional sport-specific strength training, reps repetitions, Precon pre-conditioning intervention, Con control group, NSD not statistically different, /nf intervention

group, Plyo plyometric, NM neuromuscular, RDL Romanian deadlift

72 =0.061, I> = 65.02%; 95% CI —0.75 to 0.34). Stand-
ardized residuals revealed no outliers and Cook’s distances
revealed no overly influential studies. A funnel plot is shown
in Fig. 4, with linear regression indicating plot asymmetry
(p=0.044); however the rank correlation test showed no sig-
nificant asymmetry (p =0.381).

The injury rate meta-analysis included six studies [42, 43,
45-47, 50]. One investigation showed a negative log inci-
dence rate ratio [47] and others did not differ from zero. The
pooled log incidence rate ratio was —0.15 (95% CI —0.45
to 0.15), which was not statistically significant (z=—0.98;
p=0.329; Fig. 5) with high quality of evidence. Q-test
revealed no significant heterogeneity between true outcomes
(Q(5) =9.23, p=0.100, 72 = 0.04, I? = 28.50%; 95% CI
—0.65t0 0.34). No outliers were identified, and Cook’s dis-
tance revealed no studies skewing the result.

The post hoc injury risk meta-analysis was performed on
the three studies that used supervision [46—48]. Two studies
showed negative log risk ratios that did not differ from zero
[46, 48], and the pooled log risk ratio of —0.77 (95% CI
—1.18 to —0.37) was statistically significant in favor of the
intervention (z=—3.75, p<0.001; Fig. 6). No significant
heterogeneity between true outcomes were found by Q test
(0(2) =0.13, p =0.938, 72 = 0.00, I?> = 0.00%). Studen-
tized residuals and Cook’s distances revealed no outliers or
overly influential studies.

4 Discussion

The aim of this study was to review and quantify the effect
of non-running-based exercise programs on the risk of RRIs
in endurance runners. When data were pooled together,
exercise-based injury prevention programs provided no sig-
nificant positive effect on either injury risk or injury rate.
However, an interesting finding was that a significant posi-
tive effect on injury risk in favor of the exercise interven-
tion group was noted when only exercise interventions with
an element of supervision were included in the analysis.
These findings suggest that exercise interventions designed
to reduce the risk of RRI are unlikely to be successful
unless completed under supervision, which is likely due to
increased compliance with the program.

Similar reviews on this topic are now outdated [19], cover
multi-sport participation [27, 29, 30], or did not adequately
define the proportion of training that constituted running in
the participant population [19, 20]. This review provides an
update, including six studies published in the last 4 years,
using more stringent inclusion criteria, and includes meta-
analyses on both injury rate and injury incidence. The find-
ings of this paper largely confirm those of previous reviews
[19, 20] in less well-defined endurance running populations
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Fig.2 Outcomes of the risk of Study (citation) DI D2
bias assessment Baltich et al [42] H &
+ +

Bredeweg et al [43]

+

Edouard et al [44]

Halvarsson and von
Rosen [45]

Lundstrom et al [46] . !

Mendez-Rebolledo
etal [47]

Taddei et al [48] + +

Toresdahl et al [49] #F ‘

van Mechelen et al | +
[50]

(athletes from running-based sports), that there is little evi-
dence to support inclusion of S&C exercises for the purpose
of reducing RRIs. However, compared to the positive risk
ratio found by Yeung et al. [19] in their conditioning exer-
cises intervention result (1.20), and the risk ratio of 0.98
found by Kozinc et al. [20] for movement therapy-based
interventions, the log risk ratio (—0.21) and log incidence
ratio (—0.15) we observed are numerically more in favor
of an exercise intervention. In contrast with these findings,
the review by Lauersen and co-workers [29] concluded that
multi-modal exercise interventions, particularly strength
training, offered a significant protective effect against over-
use injury in athletes. The six studies that contributed to
the meta-analysis by Lauersen et al. [29] were largely from
game-sports, several of which included throwing skills,
and half used adolescent athletes. Although overlap exists
between the types of overuse injury reported in games sport
athletes and endurance runners, the mechanisms that under-
pin these injuries may differ [51]. For example, loading on
lower limb musculoskeletal structures tends to be higher and
more varied in games sports, but is lower in magnitude and
distribution in endurance running. Thus, the protective effect
provided by an adjunct exercise intervention may also vary.

Overall risk of bias was high in the studies included
(seven of nine studies classified ‘high risk’), indicating that
the quality of research in this area is currently poor. Due to
the nature of the intervention and the characteristics of the
target population, eliminating bias in some domains is prob-
lematic. For instance, in a running community or club set-
ting, it is often difficult to blind participants to each other’s
intervention. Furthermore, a study with low compliance with
an intervention will likely have a high percentage of drop-
outs who subsequently do not contribute injury data, gener-
ating a high risk of bias in domain #3. Six studies asked par-
ticipants to self-report injuries [43—46, 49, 50], meaning the
outcome assessor was the participant themself. Participants’
interpretation of what constitutes an ‘injury’ may therefore

200 6c
+
+

P0000OE
B

+

DE
Dr
o
:
=

00000-000

+ Lowisk

Some concerns

. High risk

+
+

D1 Randomisation process

D2 Deviations from the intended interventions
D3 Missing outcome data

D4 Measurement of the outcome

D5 Selection of the reported result

have influenced results in these studies. Furthermore, par-
ticipants’ expectations and beliefs concerning the role of
non-running-based exercise interventions in the prevention
of injury may have influenced reporting and study outcomes
[52]. Only one study was considered to have a low risk of
bias [42], and it could be used as an example for future stud-
ies in this area to replicate. Despite the high risk of bias, cer-
tainty of evidence for both injury risk and injury rate were
moderate and high respectively, mainly because all studies
were randomized controlled trials and no serious issues in
consistency, directness, and precision were identified.

The three studies that provided supervision reported the
lowest log risk ratios and log incidence risk ratios in both
the injury risk and injury rate meta-analyses [46—48]. How-
ever, it is worth noting that these studies had small sample
sizes (16 <n <118) and thus relatively higher standard errors
compared to other studies. Consequently, a post hoc meta-
analysis was performed on these studies. The results showed
a statistically significant difference favoring the intervention
with a lower log risk ratio compared to the original injury
risk meta-analysis (—0.77, p <0.001). Interestingly, a pre-
vious study in military cadets also reported that a group
performing a ‘dynamic integrated movement enhancement’
warm-up under professional supervision had a significantly
lower injury incidence compared to a group who complied
with the same program but with minimal supervision [53].
Further, another study in military recruits reported lower
incidence of overuse anterior knee pain following a closely
supervised strength training and stretching warm-up inter-
vention compared to a group following a traditional warm-
up approach [54].

Two studies observed a significant protective effect of
the intervention on injury occurrence [47, 48]. These stud-
ies reported high adherence to the intervention program
compared to other studies, which may indicate that it is
compliance with the injury prevention exercise regimen
that is important, rather than supervision per se. Indeed,
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Intervention Control
Author(s) Injured Uninjured Injured Uninjured Log[RR] [35% CI]
Baltich et al [42] a7 49 15 28 r—--—« 13.85% 0.21[-0.27, 0.69)]
Bradeweg et al [43] 28 145 a2 159 -—-—' 13.87% -0.10 [-0.57, 0.38]
Edouard et al [44) 28 21 50 27 -4-4 21.45% -0.01[0.28, 0.24]
Lundstrum et al [48] 13 22 8 3 '—-—' 11.50% -0.70 [-1.27, 0.13]
Mendez-Reboliedo et al [47] 3 5 7 1 -—-—- 5.77% -0.85[-1.78, 0.08]
Taddei et al [48] g 43 20 41 r—-—« 8.21% -0.85[-1.58, 0.11]
Toresdahl et al [49) 188 184 213 155 = 25.38% -0.08 [-0.21, 0.05]
01 100.00% -0.21 [0.48, 0.05)
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Fig.4 Injury risk funnel plot

appeared to determine its effectiveness, it is currently not
possible to provide more specific recommendations on the
most appropriate types of exercise modalities to prevent
injury in runners.

There is strong evidence surrounding the value of sup-
plementary training to improve neuromuscular performance
as a strategy to reduce injury risk in team and youth sports
[27-30, 60—62]. Despite low-quality evidence, neuromuscu-
lar and resistance training are also recommended to reduce
injury risk in military populations [63]. The aforemen-
tioned reviews were based upon far higher participant num-
bers (n=13,355-32,254 from 10 to 25 studies) compared
to this review (n=1904 from nine studies) indicating that
more research is required specifically in endurance runners

Injury risk meta-analysis forest plot showing the observed outcomes and the estimate of the random-effects model

using larger sample sizes. Given the differences that exist
in injury types and mechanisms between game sports and
endurance running, it is currently not reasonable to use the
recommendations from other athlete populations and apply
these to runners. Resistance training or multi-component
neuromuscular training (including strength, core stability,
balance, plyometric and speed/agility exercises) were not
used in several studies that failed to demonstrate a protective
effect of an injury prevention program [43, 46, 50], suggest-
ing that the content of these interventions may not have been
appropriate. In particular, higher volumes and intensities of
strength training have demonstrated consistently favorable
results for overuse injury outcomes in other sports [30], yet
only four studies in this review utilized strength-based exer-
cises, and these were of relatively low volume and intensity
[42, 44, 47, 49]. Thus, further research is warranted on the
effect of strength training on RRI risk in endurance run-
ners. Studies that target increasing the resilience of clini-
cally relevant structures that are vulnerable to injury in run-
ners are also currently lacking. This was the approach taken
by Taddei and colleagues [48], which utilized an exercise
intervention for the feet; however the largest differences in
injury incidence between the intervention and control group
were at the knee and thigh. Given the repetitive and local-
ized nature of loading on musculoskeletal structures during
endurance running, exploring exercise interventions that
strengthen specific tissues should form an important avenue
of future research.

An important feature of injury related studies is
the assessment and diagnosis of injuries by a medical
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Intervention Control
Author(s) Injuries Exposure(h) Injuries Exposure(h) Log[IRR] [85% CI]
Baltich et al [42] 40 1228 18 €00 —a— 18.62% 0.19[0.39, 0.77]
Bredeweg et al [43] 28 839 32 1087 r—t—« 21.84% 0.03[-0.48, 0.55]
Halvarsson & von Rosen [45] 28 3214 3 2879 P—l—ﬂ 22.94% -0.33[-0.82, 0.17]
Lundstrum et al [48] 15 1213 1 577 ._;_._4 12.02% -0.43[-1.21, 0.35)
Mendez Reboliedo et al [47) 4 955 18 08 —_— 8.74% -1.44 [-2.53, 0.34]
van Mechelen et al [50] 24 4703 20 4852 —i— 18.03% 0.17 [-0.42, 0.78]
- 100.00% -0.15[0.45, 0.15)
I T i 1
3 -1.39 0 1.39

Log Incidence Rate Ratio

Fig.5 Injury rate meta-analysis forest plot showing the observed outcomes and the estimate of the random-effects model

Intervention Control
Author(s) Injured  Uninjured Injured Uninjured Log[RR] [85% CI]
Lundstrum et al [46] 13 22 8 3 r—l—- 51.07% <0.70([-1.27, 0.13]
Mendez-Reboliedo et al [47] 3 5 7 1 —— 18.79% -0.85[-1.78, 0.08]
Taddei et al [48] 8 49 20 41 — 20.14% -0.85[-1.58, 0.11]
- 100.00% -0.77 [1.18, -0.37]
I I I 1
3 -1.39 0 1.39
Log Risk Ratio

Fig. 6 Post hoc injury risk meta-analysis forest plot showing the observed outcomes and the estimate of the random-effects model

professional. In four of the nine studies, injuries were self-
reported by participants and were not clinically diagnosed
[43—-46]. This creates an important source of bias because
participants may be less consistent in evaluating incidence
and extent of injuries than trained clinicians. Further, the
definition of an overuse injury differed between studies,

which is also likely to have influenced results. Participants
in three studies were classified as being injured when they
restricted their running training for over a week [42, 43, 48],
whereas other studies defined injury as a single missed train-
ing run [46, 47, 50] or impairment of one or more running
sessions [44, 45, 49].
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This review has several important strengths that give
credibility to the results. Firstly, the inclusion criteria
employed in this review were more stringent than in previ-
ous reviews, increasing the internal validity of the findings.
Bias was minimized in the systematic review process by
having two authors independently screen studies and extract
data. Finally, GRADE evidence profiles were generated to
evaluate the level of certainty in the results obtained for the
two main outcome measures, highlighting that the quality of
evidence is moderate for the injury risk findings, and high
for the injury rate outcomes. This paper also has limitations,
which should be recognized. Intention-to-treat data were
used in meta-analyses where possible but several studies
that did not report intention-to-treat data were also included,
which creates a potential source of bias. When performing
the meta-analysis on injury risk, length of an intervention
and follow-up duration were also not accounted for. Since
the duration of interventions and follow-up varied widely
across studies (from 6 weeks to 12 months), attributing equal
weight to all studies may underestimate the weighting of
longer interventions.

5 Directions for Future Research

Based on the aforementioned discussion, it is recommended
that future research in this area:

e Uses supervised exercise interventions. Based on the post
hoc meta-analysis results, it is possible that supervision
is necessary for exercise-based intervention programs to
achieve beneficial effect with reducing risks of RRIs, and
more research evidence is therefore needed with super-
vised interventions for conclusions to be drawn.

e Sets the frequency of the intervention at two to four times
per week. As most of the existing studies apply interven-
tions two to four times per week, it is recommended that
future studies follow this session frequency so compari-
sons can be made.

e Examines whether traditional strength training reduces
injury occurrence. This is proposed because the exist-
ing studies vary a great deal in their applied exercise
modalities while traditional strength training, which has
shown effectiveness in reducing injury occurence in other
settings, has seldom been used in studies with endurance
runners. Traditional strength training is also one of the
most widely used exercise-based interventions in practice
so more research is needed to separately investigate this
exercise modality as a potential strategy to reduce injury
risk.

e Further evaluates the efficacy of ‘foot-core training’
(i.e., foot and ankle-based conditioning) and other tar-

geted exercises as a novel injury prevention approach.
This novel approach was used in one study and a sig-
nificant effect was found on reducing the incidence of
RRIs. More research evidence is needed to determine
whether this promising effect can be reproduced in dif-
ferent cohorts.

6 Conclusions

In conclusion, there is currently insufficient evidence to
recommend the use of exercise-based prevention strategies
to reduce the risk of RRIs in endurance runners. Studies to
date have largely been low-quality and used small sample
sizes, and more well-designed randomized controlled tri-
als are therefore needed in the future. This review under-
lines the importance of supervision when evaluating the
effect of exercise interventions on reducing RRIs. Studies
that had minimal or no supervision also tend to have poor
compliance, which diminishes the exposure to the inter-
vention and reduces the likelihood of a positive result.
Studies that observed favorable results for overuse injury
outcomes used multicomponent neuromuscular training
(strength, agility, balance, core, plyometrics, bodyweight
exercises), or targeted exercises for the foot and ankle, on
two to four occasions per week for longer than 6 weeks.
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