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Abstract

Background The reactive strength index (RSI) is meaningfully associated with independent markers of athletic (e.g., linear
sprint speed) and neuromuscular performance [e.g., stretch—shortening cycle (SSC)]. Plyometric jump training (PJT) is
particularly suitable to improve the RSI due to exercises performed in the SSC. However, no literature review has attempted
to meta-analyse the large number of studies regarding the potential effects of PJT on the RSI in healthy individuals across
the lifespan.

Objective The aim of this systematic review with meta-analysis was to examine the effects of PIT on the RSI of healthy
individuals across the lifespan compared with active/specific-active controls.

Methods Three electronic databases (PubMed, Scopus, Web of Science) were searched up to May 2022. According to the
PICOS approach, the eligibility criteria were: (1) healthy participants, (2) PJT interventions of >3 weeks, (3) active (e.g.,
athletes involved in standard training) and specific-active (e.g., individuals using heavy resistance training) control group(s),
(4) a measure of jump-based RSI pre-post training, and (5) controlled studies with multi-groups in randomised and non-
randomised designs. The Physiotherapy Evidence Database (PEDro) scale was used to assess the risk of bias. The random-
effects model was used to compute the meta-analyses, reporting Hedges’ g effect sizes (ES) with 95% confidence intervals
(95% ClIs). Statistical significance was set at p <0.05. Subgroup analyses were performed (chronological age; PIT duration,
frequency, number of sessions, total number of jumps; randomization). A meta-regression was conducted to verify if PIT
frequency, duration, and total number of sessions predicted the effects of PJT on the RSI. Certainty or confidence in the
body of evidence was assessed using Grading of Recommendations Assessment, Development, and Evaluation (GRADE).
Potential adverse health effects derived from PJT were researched and reported.

Results Sixty-one articles were meta-analysed, with a median PEDro score of 6.0, a low risk of bias and good methodologi-
cal quality, comprising 2576 participants with an age range of 8.1-73.1 years (males, ~78%; aged under 18 years, ~60%); 42
studies included participants with a sport background (e.g., soccer, runners). The PIT duration ranged from 4 to 96 weeks,
with one to three weekly exercise sessions. The RSI testing protocols involved the use of contact mats (n=42) and force
platforms (n=19). Most studies reported RSI as mm/ms (n =25 studies) from drop jump analysis (n =47 studies). In general,
PJT groups improved RSI compared to controls: ES =0.54, 95% CI 0.46-0.62, p <0.001. Training-induced RSI changes
were greater (p =0.023) for adults [i.e., age > 18 years (group mean)] compared with youth. PIT was more effective with a
duration of > 7 weeks versus <7 weeks, > 14 total PJT sessions versus < 14 sessions, and three weekly sessions versus < three
sessions (p =0.027-0.060). Similar RST improvements were noted after < 1080 versus > 1080 total jumps, and for non-ran-
domised versus randomised studies. Heterogeneity (I7) was low (0.0-22.2%) in nine analyses and moderate in three analyses
(29.1-58.1%). According to the meta-regression, none of the analysed training variables explained the effects of PIT on RSI
(p=0.714-0.984, R? =0.0). The certainty of the evidence was moderate for the main analysis, and low-to-moderate across
the moderator analyses. Most studies did not report soreness, pain, injury or related adverse effects related to PJT.
Conclusions The effects of PJT on the RSI were greater compared with active/specific-active controls, including traditional
sport-specific training as well as alternative training interventions (e.g., high-load slow-speed resistance training). This
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conclusion is derived from 61 articles with low risk of bias (good methodological quality), low heterogeneity, and moder-
ate certainty of evidence, comprising 2576 participants. PIT-related improvements on RSI were greater for adults versus
youths, after > 7 training weeks versus <7 weeks, with > 14 total PJT versus < 14 sessions, and with three versus < three

weekly sessions.

Plyometric jump training is effective at improving the
lower-limb reactive strength index in healthy individuals
across the lifespan.

Results of this meta-analysis are based on a total of 2576
participants, from 61 articles with low risk of bias (good
methodological quality), low study heterogeneity, and
moderate certainty of evidence (GRADE).

Plyometric jump training had a greater impact on the
reactive strength index in adults compared with youth.

Plyometric jump training was more effective with >7
versus <7 training weeks, > 14 total exercise sessions
versus < 14 exercise sessions, and three weekly exercise
sessions versus < 3 sessions.

1 Introduction

The stretch—shortening cycle (SSC) is a key neuromuscu-
lar phenomenon underpinning ballistic jump and plyomet-
ric performance [1]. An individual’s ability to utilise the
SSC, or the ability of the musculotendinous unit to produce
a powerful concentric contraction, immediately following
a muscle lengthening action [2, 3], typically occurring in
movements where body segments are exposed to impact
forces that induce stretch (e.g., drop jump), is termed reac-
tive strength, commonly measured with the reactive strength
index (RSI) [2-5]. For jump-related movements, the SSC
can be broadly described as fast (e.g., ground contact time
(GCT) <250 ms) or slow (>250 ms) [2, 3]. For example,
a drop jump (also named bounce drop jump) often reports
GCT <250 ms (fast SSC) [4, 6]. The countermovement
jump (CMJ) involves a slow SSC movement > 500 ms.
Different drop jump types such as the depth jump (also
named counter-drop jump) [6] involve GCT > 400 ms [4,
6]. Depending on the type of SSC (fast vs. slow), different
physiological responses are expected, involving potentially
different long-term exercise-induced adaptations [6, 7]. In
addition to the SSC duration, the magnitude of the load
that initiates the stretch of the SSC results in the stretch
velocity and thus in reflex activity preceding the shortening

contraction (i.e., jumping action). The larger the load, for
instance through higher drop heights, the faster the stretch
velocity and the subsequent reflex activity. Indeed, a slow
SSC and low stretch velocity are usually evident during a
CM]J, while a fast SSC and a high stretch velocity are typical
during the drop jump [3, 4, 6]. Therefore, considering that
RSI is meaningfully associated with independent markers
of athletic performance (e.g., linear sprint speed) [2], and
neuromuscular performance (e.g., SSC) across the life span
[1, 7-11], the RSI represents a biological marker of interest
during the continuous monitoring process of human athletic
performance.

Indeed, the RSI is a metric used to assess an athlete’s
ability to produce force rapidly [2], and is traditionally meas-
ured during tasks indicative of fast SSC and high stretch
velocity, for example, drop jumps aimed at minimising
GCT [2, 3]. There is evidence that the RSI can discriminate
between slower and faster male field sport athletes, with
faster athletes demonstrating up to 48% greater RSI values
[12]. In addition, in rugby players, the RSI may discriminate
between stronger and weaker athletes, with RSI differences
between 0.84 ando 1.39 (effect size values) [13]. In sports
with increased jump-related loads (e.g., female volleyball
athletes), the RSI also differentiates between athletes of
elite versus sub-elite competitive levels [14], and similar
findings were recently reported for female gymnasts [15].
Furthermore, to improve change-of-direction performance,
training recommendations have been developed using reac-
tive strength as an exercise prescription parameter [16]. A
recent meta-analysis [2] noted that the RSI was associated
with measures of physical fitness and sports performance.
Specifically, the RSI was moderately associated with iso-
metric and dynamic strength (pooled strength measures,
r=0.34), endurance performance (r=0.40), acceleration
(r=—-0.43), top speed (r= —0.33), and largely associated
with change-of-direction performance (r= —0.57) [2]. How-
ever, the aforementioned meta-analysis [2] reported correla-
tions only and can therefore not infer with regard to cause
and effect relations, which is why a meta-analysis is needed
that assesses the effects of physical exercise on the RSI.

Plyometric jump training (PJT) is a training method
that primarily aims at producing high rates of force devel-
opment through the SSC, with jump exercises involving
shorter (e.g., <250 ms) or longer (e.g., >250 ms) ground
contact times and maximal jump height/distance (i.e., RSI)
as distinctive markers of performance during the training
sessions [10, 17]. According to the principle of training
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specificity, PIT is well suited to improve the RSI through
neuromuscular adaptations [18]. Indeed, PJT usually
implicates a faster SSC muscle action, allowing a greater
concentric work performance than an isolated concentric
muscle action, stimulating a higher rate of force develop-
ment, and force absorption muscle capacities (i.e., eccen-
tric force) [6, 10, 18], an important trait for the improve-
ment of fast SSC actions involving a high stretch velocity
(e.g., drop jump).

However, the literature is controversial in as much as
some studies reported meaningful PJT effects on the RSI,
including studies in youth male non-athletes [19], adult
female and male physically active participants [20], and
endurance athletes [21, 22], while other studies reported
non-significant effects in different populations (e.g., highly
trained rugby players) [23-25]. These controversial findings
can most likely be explained by methodological differences
between studies [26, 27]. For example, although PJT studies
usually include jump exercises aimed at reducing contact
times and maximizing jump height/distance (i.e., RSI), sev-
eral studies included jump exercises performed in the slow
SSC (e.g., jump box), purposefully manipulated according
to the participant’s needs (e.g., reduced impact forces) [10,
28-31]. Other methodological issues related to study het-
erogeneity comprise subject test/training familiarisation
versus no familiarisation, the investigation of study popula-
tions with different PIT experience, different programming
parameters (e.g., frequency, intensity, time), in addition to
different testing procedures and measurement equipment
[10, 17]. To account for these methodological limitations
and to assess the degree of study heterogeneity, the perfor-
mance of a systematic review with meta-analysis is timely
and has the potential to provide meaningful insights.

A systematic review with meta-analysis provides evi-
dence-based knowledge on the effects of PIT on the RSI
[32]. Additionally, such research work helps to detect
gaps and limitations in the PJT literature, providing valu-
able information for scientists and practitioners to follow
future research avenues. Indeed, previous research work has
been performed to solve controversial findings by system-
atically aggregating the literature related to PJT. The avail-
able meta-analyses focused on the effects of PJT on verti-
cal jump height (e.g., drop jump height) without assessing
the specific effects of PJT on the RSI [33, 34]. Similarly,
previous reviews analysed training-induced effects on the
RSI, although: (1) there was a focus on a myriad of strength
and conditioning methods without examining single-mode
PIJT effects, (2) these studies examined specific populations
(e.g., endurance runners; post-rehabilitation athletes; males),
and (3) some studies were biased in their systematic review
and/or meta-analytical approach (e.g., single-control group
sample size not proportionately divided in studies including
multiple-intervention groups) [2, 21, 35—41]. Additionally,

the potential role of moderators such as participants’ sex,
age, and sport, have not been addressed in a meta-analytical
approach.

Thus, the primary aim of this systematic review with
meta-analysis was to examine the effects of PJT on the RSI
of healthy individuals across the lifespan compared with
active/specific-active controls.

2 Methods
2.1 Procedures

A systematic review with meta-analysis was conducted fol-
lowing the guidelines of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) [42],
and adapted a posteriori to new reporting guidelines (e.g.,
PRISMA 2020) [43—47] as such changes are expected as
the field evolves (e.g., new databases; new concepts/terms).
The most relevant adaptations are described in the Electronic
Supplementary Material (ESM) (Table S1).

2.2 Literature Search: Administration and Update

We considered recommendations from the two most com-
prehensive scoping reviews that previously examined the
PJT literature [10, 17]. Computerized literature searches
were conducted in the electronic databases PubMed, Web of
Science, and SCOPUS. The search strategy was conducted
using the Boolean operators AND/OR in different combi-
nations with the following keywords (all database fields):

EEINTS CEINTS LLIT3

“ballistic”, “complex”, “cycle”, “explosive”, “force”, “plyo-
metric”, “shortening”, “stretch”, “training”, and “velocity”.
Examples of combinations included: “ballistic” AND “train-
ing”; (“ballistic” OR “plyometric” OR “explosive”) AND
“training”. Additionally, using the title database field, the
following keywords were employed in the search: “jump”,
“power” and “training”. After an initial search in April
2017, an account was created by one of the authors (RRC)
in each of the respective databases, through which the author
received automatically generated email updates regarding
the search terms used. The search was refined in May 2019
and August 2021, with updates received daily (if available).
Studies were eligible for inclusion, from inception in each
database, up to May 2022. The main advantage of this search
approach is that it assumes that new knowledge will appear
and allow improvements in sport/clinical decision-making.
Indeed, the publication rate of PJT studies increased expo-
nentially since 2010 [10, 17]. The same author (RRC) con-
ducted the initial search and removed duplicates. Thereafter,
the search results were analysed according to the eligibility
criteria (Table 1). The search strategy (code line) for each
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database and background of search history is described in g ©
the ESM (Table S1). §_ s é 3 %
In selecting studies for inclusion, a review of all relevant f;j E % —g % §
titles was conducted before examination of the abstracts & 3 52 8 E
and full texts. Two authors (RRC and RKT) independently %ﬁ F:i, E;%D "c'g é’ ™
screened the titles, abstracts and full texts of the retrieved = §§ g g £
studies. During the search and review process, potential dis- ) S E }:D E =
crepancies between the two authors regarding inclusion and 'E» %D é % 2? § ;0
exclusion criteria (e.g., type of control group, intervention %‘ :E 2 % Té/ s
adequacy) were resolved through consensus with a third é g § S ug %ﬂé
author (APC). : E2%: S
s & 2EE £ 2
2.3 Inclusion and Exclusion Criteria :é o 2 é g é“ § j:f
A PICOS (participants, intervention, comparators, out- ;" gﬁ &@}i 5 3 § £
comes, and study design) approach was used to rate studies g a E 28 3 =8 £
for eligibility [42]. Table 1 indicates our inclusion/exclusion = g 2 § = = % g 3
criteria. Of note, an evidence-based [10, 48] decision was éé '5 E £ ; a E —E %
considered to determine the minimal effective PJT duration % Y ; Eﬂ % § é) g % %
(weeks) for the improvement of RSI (i.e., >3 weeks). = E % u§ :g g-% = g5 §
Additionally, only original studies in peer-reviewed and sz E z :; = § g E fé 2
full-text format were eligible to be included in this meta- E g E EE i 3 = % % E =
analysis. Additional exclusion criteria are provided in the -% .§ ) %’ E z § £ 8 5 & f
ESM (Table S2). Because of expected difficulties with the S| E £ 52 § TE 2 $5 @
translation of research articles written in different languages al Ea i < — i
and the fact that 99.6% of the jump training literature is & % < 535’ s 83
published in English [17], only articles written in English, o E &g g2 % };
Spanish, German and Portuguese (i.e., authors’ native lan- & '§ 2 7 E 2 5 8 2
guages) were considered for this meta-analysis. 5 g2 § 283 f@ 21
W =B g8 ZET
& B 2T 88 o>%
2.4 Data Extraction < E3 wis s 583
When extracting RSI data from the included studies, we con- ;E_), § % g f:f .% £ 'q‘; 5 ,§
sidered previous recommendations [2, 41]. Therefore, the 2 §° § é § o .%D § i §
effects of PJT compared to active (e.g., athletes participating g ;5 g Z § § = § a fg
in standard training schedules, participants involved in regu- ‘i Ig 2 i %ﬁ =2 % g é[)
lar physical education courses or classes) and/or specific- 8 g 2 o % E 'i é 58 jg
active (e.g., involving alternative training methods such as %’ § E 2 :E; & 2 % @E s
high-load resistance training) controls on the RSI and its B g :z s 2 g%%"g g*é =
constituent parts (e.g., jump height, GCT) were assessed. g 5 {\)E § 85 % = ié %
Measures of the RSI include (but are not limited to) different g E S42 =5 <z g E= E
specific tests (e.g., drop jumps, repeated hops, CMJ), indi- g :§ § E é == 8 ;0 o ; o
ces (e.g., mm/ms, cm/ms) or calculation procedures (e.g., E z 8 “gg é“?g '—§ z \% £ %
jump height, flight time, contact time, time to take-off (e.g., E é = 2 § %% 2 ggﬂ Z Els
modified RSI obtained from CMJ movements using a force '—US) g k= ; B Eo Eo Eo ; %" :g & 5 = =
platform)). The RSI has shown moderate to strong levels f § ; ;5’ %: % % ‘% § % = gg go B
of reliability (intra-class correlation coefficient =0.57-0.99; 5| & g 2 =2 SEZ o g g 5 = §
coefficient of variation=23.0-14%) across a range of popu- 51212 % g g EREEE 3 o=
lations [2], which is essential to ensure strong consistency § 2| & gﬁ : 2 =EeE g87°F §
between the analysed studies within a meta-analysis [42]. % o o g
Pre- and post-intervention, means and standard deviation 2= § % % g @
of the dependent variables were extracted from the included T | % % é 8 z
studies using Microsoft Excel (Microsoft Corporation, "E S £ = S 3 &
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Redmond, WA, USA). For studies reporting values other
than means and standard deviation (e.g., median, range,
interquartile range, standard error values), conversion was
applied as previously recommended [49-51]. Appropri-
ate statistical software was used for different data formats
(Comprehensive Meta-Analysis Software, Version 2, Bio-
stat, Englewood, NJ, USA). When the required data were
not clearly or completely reported, the authors of the respec-
tive studies were contacted for clarification purposes. If no
response was obtained from the authors (after two attempts,
with a between-attempts waiting time of 72 h) or the authors
did not provide the requested data, the study outcome was
excluded from further analysis. When data were displayed in
a figure and no numerical data were provided by the authors,
validated (r=0.99, p <0.001) [52] software (WebPlot-
Digitizer, version 4.5; https://apps.automeris.io/wpd/) was
used to derive numerical data from the respective figures.
One author (RRC) performed data extraction and a second
author (RKT) provided confirmation, and any discrepancies
between them (e.g., mean value for a given outcome) were
resolved through consensus with a third author (PB).

2.5 Risk of Bias of the Included Studies

The Physiotherapy Evidence Database (PEDro) scale was
used to assess the risk of bias in the included studies, which
were rated from O (lowest quality) to 10 (highest quality).
The validity and reliability of the PEDro scale have been
established previously [53-55]. Moreover, the PEDro scale
is the most frequently used metric in the PJT literature [10,
56, 57]. Despite being termed a “methodological quality”
scale, its items mostly assess factors related to the risk of
bias of studies. Accordingly, it helps to make comparisons
between meta-analyses. Considering that it is not possible to
satisfy all scale items in PJT interventions [58] and as out-
lined in previous systematic reviews in the sub-field of PIT,
the overall risk of bias of PJT studies was interpreted using
the following convention [56, 58—60]: <3 points was con-
sidered as “poor” quality (i.e., high risk of bias), 4-5 points
was considered as “moderate” quality, while 67 points and
8-10 points were considered as “good” and “excellent” qual-
ity, respectively. For practical purposes and given the nature
of the research field, we considered studies with > 6 points
to have low risk of bias [61]. If trials were already rated
and listed in the PEDro database, the respective scores were
adopted. Two authors (RRC and RKT) assessed the risk of
bias for each included study independently, and any discrep-
ancies between them were resolved via consensus with a
third author (UG). To reduce high risk of bias in the analysis,
a posteriori, a decision was made regarding the exclusion of
studies rated with <3 points.

2.6 Summary Measures, Synthesis of Results,
and Publication Bias

According to the Cochrane Handbook [62], meta-analyses
can be computed with as few as two studies [63]; we per-
formed our analyses if > three studies were available [9, 64,
65]. Means and standard deviations from pre and post val-
ues were taken to compute effect sizes (ES; i.e., Hedges’
g) for RSI in the PJT and active/specific-active control
groups. Data were standardised using post-intervention
standard deviation values. The DerSimonian and Laird
random-effects model was used to account for differences
between studies that might affect the PJT effects [66, 67].
The ES values are presented with 95% confidence intervals
(95% CIs). Calculated ES were interpreted using the fol-
lowing scale: <0.2 trivial, 0.2-0.6 small, > 0.6—1.2 moder-
ate, > 1.2-2.0 large, > 2.0-4.0 very large, > 4.0 extremely
large [68]. In studies including more than one intervention
group, the sample size in the control group was propor-
tionately divided to facilitate comparisons across multiple
groups [69]. The impact of study heterogeneity was assessed
using the I? statistics, with values of <25%, 25-75%,
and > 75% representing low, moderate, and high levels of
heterogeneity, respectively [70]. The risk of publication
bias was explored for continuous variables (> 10 studies
per outcome) [71-73] using the extended Egger’s test [73].
To adjust for risk of publication bias, a sensitivity analysis
was conducted using the trim and fill method [74], with LO
as the default estimator for the number of missing studies
[75]. All analyses were carried out using the Comprehensive
Meta-Analysis Software (Version 2, Biostat, Englewood, NJ,
USA). Statistical significance was set at p <0.05.

2.7 Additional Analyses
2.7.1 Subgroup Analyses

Potential sources of heterogeneity likely to influence the
effects of training were selected a priori. However, the exact
number of subgroups became evident only after the iden-
tification of all studies eligible for inclusion. As adaptive
responses to PJT programs may be affected by the individ-
ual’s age [76-78], this factor was considered as a poten-
tial moderator variable. Accordingly, the results derived
from studies conducted in groups of adult participants (i.e.,
groups with a mean age > 18 years) were compared to the
results derived from studies conducted in groups of youth
participants (i.e., groups with a mean age < 18 years).
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2.7.2 Single Training Factor Analyses

Potential sources of study heterogeneity arising from PJT
configurations were selected a priori. Single training factor
analyses were computed for the program duration (inter-
vention duration and total number of training sessions) [33]
and training frequency (number of weekly exercise ses-
sions) [79], based on the reported impact of these variables
on adaptations following PJT. Additional moderators such
as total number of jumps were also considered if the studies
provided such data.

When appropriate, subgroup analyses and single training
factor analyses were analysed using the median split tech-
nique [80-82]. The median was calculated if at least three
studies provided data for a given moderator. Of note, when
two experimental groups (with the same information for a
given moderator) were included in a study, only one of the
groups was considered to avoid an augmented influence of
the study on the median calculation. In addition, instead of
using a global median value for a given moderator (e.g.,
median age, derived from all included studies), median
values were calculated considering only those studies that
provided data for the analysed outcome. When the median
split technique was found not to be appropriate, a logically
defensible rationale was used for subgroup analysis.

2.7.3 Randomised versus Non-randomised Trials

We conducted a subgroup analysis contrasting randomised
versus non-randomised studies.

2.7.4 Sensibility Analyses

We performed sensitivity analyses to assess the robustness
of the summary estimates (e.g., p value, ES, 12). To examine
the effects of each result from each study on the overall find-
ings, results were analysed with each study deleted from the
model (automated leave-one-out analysis).

2.7.5 Meta-Regression

A multivariate DerSimonian and Laird random-effects
model meta-regression was conducted to verify if any of
the training variables (frequency, duration and total number
of sessions) explained the effects of PJT on the RSI. The
computation of meta-regression was performed with at least
ten studies per covariate [71].

2.7.6 Certainty of Evidence
Two authors (JA and RRC) rated the certainty of evidence

(i.e., high, moderate, low, very low) using the Grading
of Recommendations, Assessment, Development and

Evaluation (GRADE) [83—-85]. The evidence started at a
high level of certainty (per outcome), but was downgraded
based on the following criteria: (1) risk of bias in studies:
judgments were downgraded by one level if the median
PEDro scores were moderate (< 6) or by two levels if they
were poor (<4); (2) indirectness: low risk of indirectness
was attributed by default due to the specificity of popula-
tions, interventions, comparators and outcomes being guar-
anteed by the eligibility criteria; (3) risk of publication bias:
downgraded by one level if there was suspected publication
bias; (4) inconsistency: judgements were downgraded by one
level when the impact of statistical heterogeneity (I?) was
high (>75%); (5) imprecision: one level of downgrading
occurred whenever < 800 participants were available for a
comparison [86] and/or if there was no clear direction of
the effects. When both were observed, certainty was down-
graded by two levels.

2.7.7 Adverse Effects

In addition, considering the potential adverse health effects
derived from the inadequate implementation of PJT inter-
ventions, a qualitative analysis of such potential effects was
included.

2.8 Registration

The protocol for this systematic review with meta-analysis
was published in the Open Science Framework (OSF) on 16
May 2022 (Project: https://osf.io/t9pjg/; Registration: https://
osf.io/8fw3q).

3 Results
3.1 Study Selection

The search process in the databases identified 12,503 stud-
ies. Figure 1 provides a flow chart illustrating the study
selection process.

Duplicate studies were removed (n="7332). After study
titles and abstracts were screened, 4042 studies were
removed and 1129 full texts were screened. From the 86
studies assessed to be eligible for inclusion, 25 full texts
were excluded (see Fig. 1 for exclusion reasons). Finally, 61
studies were considered eligible for this meta-analysis [19,
25, 87-145], of which 60 were written in English, and one
in German [144].

3.2 Risk of Bias of the Included Studies

According to the PEDro checklist results (Table 2), the
median (i.e., non-parametric) score was 6.0 (low risk of
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Records identified through database
| IDENTIFICATION | searching (n =12,503) (PUBMED:

Records duplicates removed

n=7,332
3,709; SCOPUS: 4,312; WOS: 4,482) ( 332)
Records screened after duplicates X i ; ;
‘ SCREENING ‘ p Records excluded based on title or abstract
removed (n =5,171) (n = 4,042)
Full-text articles excluded: (n = 1,043)
~ o+ Participants-related reasons (e.g., studies in rats) (n = 36)
ELIGIBILITY Full t?x‘t ﬂl ticles assessed — Intervention-related reasons (e.g.,landing training) (n = 11)
for ellglblllty (ll = 1’129) Outcome-related reasons (e.g., no reactive strength index measure) (n = 981)
Studies design-related reasons (e.g., cross-sectional) (n =9)
Other reasons (e.g., article not accessible) (n = 6)
Articles excluded:
e i . _ Intervention-related reasons (e.g., poor description) (n =2)
INCLUSION Articles assessed for meta-analysis (n = 86) =P | Comparator-related reasons (e.g., no control group) (n = 16)
(quantitative analysis) Outcome-related reasons (e.g., data not available) (n = 6)
l Other reasons (e.g., high risk of bias in studies) (n = 1)

I Studies included in meta-analysis (n = 61) I

Fig. 1 Flow diagram of the systematic search process

bias—good quality), with 27 studies attaining 4—5 points
(some risk of bias—moderate quality), 32 studies attaining
6—7 points, and two studies with 8—10 points (low risk of
bias; good and excellent quality, respectively). The two
independent reviewers who performed the methodologi-
cal appraisal of the included studies achieved a Spearman
correlation (i.e., non-parametric data) agreement of 0.91.

3.3 Study Characteristics

The participant characteristics and the PJT programs of the
included studies are detailed in Table 3.

Overall, 61 studies were included. Twenty-two stud-
ies examined soccer players, 18 studies non-athletes
(including resistance-trained participants and physical
education students), five studies endurance runners, six
studies mixed sports (e.g., basketball, rugby, hurling,
Gaelic football, and soccer), four studies gymnasts, two
studies volleyball players, one study handball players, one
study hurling athletes, one study tennis, and one study
rugby players, with a total of 2576 participants with an
age range of 8.1-73.1 years. With regards to the study
participants, 1509 individuals participated in the inter-
vention groups (102 groups) and 1067 participated in the
control groups (73 groups). Among the 73 control groups,
seven groups were specific-active controls, and the other

66 groups were active controls. Sixty-one experimental
groups (and their respective controls) involved partici-
pants with a mean age of < 18 years (Table 3). Regarding
participants' sex, eight studies reported a mixed sample
of male and females [n =201 (8% of total participants)],
17 groups involved females only [n =385 (15% of total
participants)], and 75 groups involved males [n=1990
(77% of total participants)] (Table 3). Training duration
in the intervention and control groups ranged from 4 to
96 weeks (Table 3), although most studies lasted 6 weeks,
with a median value of 7 weeks. The frequency of weekly
training sessions ranged from one to three sessions per
week (Table 3).

The testing protocols involved mostly drop jumps
(n=47 studies), vertical hop/rebound jumps (n=12),
hurdle jumps (n=1), and CMIJs (n=1). Different RSI
parameters were found including mm/ms (n =25), m/s
(n=10), cm/s (n=8), cm/ms (n=4), ms/ms (n=3), s/s
(n=1). In a further ten studies, the authors did not pro-
vide specific information and mentioned only that the
RSI was calculated from jump height and contact time.
Different jump test apparatuses were used including con-
tact mats (n=37), contact mats using an optical (e.g.,
infrared photoelectric cells) measurement system (n=35),
and force platforms (n=19).



1036

R. Ramirez-Campillo et al.

Table 2 Rating of studies

according to the Physiotherapy

Evidence Database (PEDro)
scale

1 2 3 4 5 6 7 8 9 10 11 Score® Study quality
Ando et al. [85] 1 1.0 0 0 0 0 1 1 1 1 5 Moderate
Beattie et al. [86] 1 0 06 1 00 0 1 1 1 1 5 Moderate
Bogdanis et al. [24] 1 1.0 1 0 0 0 1 1 1 1 6 Good
Byrne et al. [88] 1 1.0 0 0 O O 1 1 1 1 5 Moderate
Byrne et al. [87] 1 1.0 1 0 0 0 1 1 1 1 6 Good
Chaabene et al. [89] 1 0 01 0 0 0 1 1 1 1 5 Moderate
Chaouachi et al. [90] 1 1.0 1 0 0 O 1 1 1 1 6 Good
Coskun et al. [91] 1 1.0 0 0 0 O 1 1 1 1 5 Moderate
Dallas et al. [92] 1 1.0 0 0 0 0 1 1 1 1 5 Moderate
Davies et al. [93] 1 0 0 0 00 0 1 1 1 1 4 Moderate
Faude et al. [94] 1 1.0 1 0 0 0 0 1 1 1 5 Moderate
Fiorilli et al. [95] 1 1.0 1 0 0 0 1 1 1 1 6 Good
Garcia-Pinillos et al. [96] 1 1.0 1 0 0 O 1 1 1 1 6 Good
Hoffren-Mikkola et al. [97] 1 1. 1.1 0 0 O 1 1 1 1 7 Good
Hutchinson et al. [98] 1 0 0 0 0 0 0 1 1 1 1 4 Moderate
Jeffreys et al. [99] 1 1.0 0 0 0 0o 1 1 1 1 5 Moderate
Katsikari et al. [100] 1 1.0 0 0 0 0o 1 1 1 1 5 Moderate
Keiner et al. [101] 1 0 01 0 0 0 1 1 1 1 5 Moderate
Laurent et al. [102] 1 0 0 0 00 0 1 1 1 1 4 Moderate
Li et al. [103] 1 1.0 1 0 0 0 1 1 1 1 6 Good
Lloyd et al. [105] 1 0 0 0 00 0 1 1 1 1 4 Moderate
Lloyd et al. [104] 1 1.0 0 0 0 0 1 1 1 1 5 Moderate
Lovecchio et al. [106] 1 1.0 1 0 0 0 1 1 1 1 6 Good
Lum et al. [107] 1 1.0 0 0 0 0o 1 1 1 1 5 Moderate
Makhlouf et al. [108] 1 1.0 1 0 0 0O 1 1 1 1 6 Good
Marina and Jemni [109] 1 0 0 0 0600 1 1 1 1 4 Moderate
Markovic et al. [110] 1 1.0 0 0 0O O 1 1 1 1 5 Moderate
Meylan and Malatesta [111] 1 0 01 0 00 1 1 1 1 5 Moderate
Newton et al. [113] 1 1.0 1 0 0 O I 1 1 1 6 Good
Newton et al. [112] 1 0 0 0 0 00 1 1 1 1 4 Moderate
Nitzsche et al. [114] 1 0 0 0 0 00 1 1 1 1 4 Moderate
Raedegard et al. [115] 1 1.0 1 0 0 0O 1 1 1 1 6 Good
Ramirez-Campillo et al. [116] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [117] 1 1.1 1 0 0 O 1 1 1 1 7 Good
Ramirez-Campillo et al. [118] 1 11 1 0 0 O I 1 1 1 7 Good
Ramirez-Campillo et al. [119] 1 11 1 0 0 O I 1 1 1 7 Good
Ramirez-Campillo et al. [120] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [121] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [122] o 1 1 1 1 1 1 1 O 1 1 9 Excellent
Ramirez-Campillo et al. [123] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [126] 1 1.0 1 0 O O 1 1 1 1 6 Good
Ramirez-Campillo et al. [127] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [124] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [125] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [128] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [130] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [129] 1 1.1 1 0 O O 1 1 1 1 7 Good
Ramirez-Campillo et al. [21] 1 1.0 1 0 O O 1 1 1 1 6 Good
Romero et al. [131] 1 1.0 1 0 O O 1 1 1 1 6 Good
Rosas et al. [132] 1 1.1 0 1 1 1 1 1 1 1 9 Excellent
Rosas et al. [133] 1 1.0 1 0 0 0 1 1 1 1 6 Good
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Table 2 (continued)

1 2 3 4 5 6 7 8 9 10 11 Score® Study quality
Salonikidis and Zafeiridis [134] 1 1 0 O O O O 1 1 1 1 5 Moderate
Smilios et al. [135] 1 0 0 0 000 1 1 1 1 4 Moderate
Sortwell et al. [136] 1 1.0 1 0 0 0 1 1 1 1 6 Good
Sporri et al. [137] 1 1.0 0 0 0 0o 1 1 1 1 5 Moderate
Taube et al. [138] 1 1.0 1 0 0 O 1 1 1 1 6 Good
Tottori and Fujita [139] 1 1.0 1 0 0 O 1 1 1 1 6 Good
Uzelac-Sciran et al. [140] 1 1.0 0 0 0 0 1 1 1 1 5 Moderate
Vera-Asaoka et al. [141] 1 1.0 1 0 0 1 1 1 1 1 7 Good
Witassek et al. [142] 1 0 01 0 0 0 1 1 1 1 5 Moderate
Young et al. [143] 1 1.0 0 0 O O 1 1 1 1 5 Moderate

*From a possible maximal score of 10. A detailed explanation for each PEDro scale item can be accessed
at https://www.pedro.org.au/english/downloads/pedro-scale; In brief: item 1, eligibility criteria were
specified; item 2, participants were randomly allocated to groups; item 3, allocation was concealed; item
4, the groups were similar at baseline; item 5, there was blinding of all participants regarding the plyo-
metric jump training programme being applied; item 6, there was blinding of all coaches responsible for
the application of plyometric jump training programme regarding its aim toward the improvement of
reactive strength index; item 7, there was blinding of all assessors involved in measurement of reactive
strength index; item 8, measures of reactive strength index were obtained from more than 85% of partici-
pants initially allocated to groups; item 9, all participants for whom reactive strength index was available
received the treatment or control condition as allocated or, data for reactive strength index were analysed
by “intention to treat”; item 10, the results of between-group statistical comparisons are reported for reac-
tive strength index; and item 11, point measures and measures of variability for reactive strength index are

provided

3.4 Results of the Meta-analysis
3.4.1 Reactive Strength Index

Results (Fig. 2) showed a significant effect for the PJT
groups compared to the active/specific-active control
groups: ES =0.54, 95% CI 0.46-0.62, p <0.001, P=0.0%,
total participants n=2576, Egger test two-tailed =0.365.
After the sensitivity analyses (automated leave-one-out
analysis), the robustness of the summary estimates (i.e., p
value, ES and 95% CI, I?) was confirmed.

3.4.2 Moderator Analyses

Regarding participants’ age, PJT-induced RSI changes were
greater for adults (41 groups; ES=0.67, 95% CI1 0.53-0.81;
p<0.001; I*=1.8%) compared to youth (61 groups;
ES=0.47, 95% CI 0.37-0.57; p <0.001; I*=0.0%), with a
between-moderator category p value of 0.023.

Regarding the PJT programming variable total duration,
greater RSI changes were noted after > 7 weeks (37 groups;
ES=0.66, 95% CI 0.50-0.83; p <0.001; I*=32.0%) com-
pared to <7 weeks (65 groups; ES=0.47,95% CI1 0.37-0.57;
p<0.001; =0.0%), with a between-moderator category p
value of 0.048.

With regard to the total number of PJT sessions, a trend
was noted for greater RSI changes after> 14 PJT ses-
sions (39 groups; ES=0.65, 95% CI 0.49-0.82; p <0.001;

I?=29.1%) compared to < 14 sessions (63 groups; ES=0.47,
95% CI 0.37-0.57; p <0.001; I?=0.0%), with a between-
moderator category p value of 0.060.

In terms of PJT frequency, greater RSI changes were
noted after using three weekly PJT sessions (18 groups;
ES=0.73, 95% CI 0.54-0.93; p <0.001; I*=0.0%) com-
pared to less than three sessions (84 groups; ES=0.50, 95%
CI10.41-0.58; p<0.001; P= 2.6%), with a between-moder-
ator category p value of 0.027.

Regarding the total number of jumps completed dur-
ing the PJT intervention, similar RSI changes were noted
after <1080 (50 groups; ES=0.51, 95% CI 0.39-0.63;
p<0.001; *=0.0%) compared to> 1080 total jumps (51
groups; ES=0.57, 95% CI 0.44-0.69; p <0.001; P=222%),
with a between-moderator category p value of 0.536.

Concerning study randomization, similar RSI changes
were noted for non-randomised studies (12 groups;
ES=0.80, 95% CI 0.42-1.18; p <0.001; I?’=58.1%) com-
pared to randomised studies (85 groups; ES=0.52, 95% CI
0.43-0.60; p <0.001; P= 0.0%), with a between-moderator
category p value of 0.153.

3.4.3 Meta-regression
The meta-regression analysis was computed for RSI includ-

ing three training programming parameters (frequency,
duration and total number of sessions). None of the training
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variables explained the effects of PIT on the RSI (p =0.784,
p=0.714 and p=0.984, respectively; R>=0.0).

3.4.4 Certainty of Evidence

Results of the GRADE analyses are provided in Table 4.
Following previous recommendations [146], we chose seven
outcomes for the analysis. According to the GRADE assess-
ment, the certainty of evidence was considered moderate for
the main analysis, and low-to-moderate across the moderator
analyses.

3.4.5 Adverse Effects

Most of the included studies did not report soreness, pain,
fatigue, injury, damage or adverse health effects related to
the PJT intervention. One study indicated that one subject
did not complete the intervention due to pain in the Achilles
tendon, possibly due to PJT [99], and four studies indicated
that subjects reported relatively reduced subjective muscle
pain in their lower limbs after the initial training sessions
(e.g. between 0 and 3, on a 10-point visual analogue scale),
with a significant reduction during the last weeks of the PIT
interventions [129-132].

4 Discussion

The aim of this systematic review with meta-analysis was to
examine the effects of PJT on the RSI of healthy individu-
als across the lifespan compared with active/specific-active
controls. The meta-analysis indicated that PJT is effective at
improving the lower-limb RSI in healthy individuals across
the lifespan, with an overall ES=0.54 (95% CI 0.46-0.62).
Findings from this study are robust considering that the
results are based on 61 articles with low risk of bias (good
PEDro quality), low impact of study heterogeneity, moderate
GRADE rating, and comprising 2576 participants. The main
findings can be summarized as follows: PJT induced larger
RSI improvements in adults versus youth, > 7 weeks of PIT
were more effective than <7 weeks of training, three ses-
sions per week resulted in larger effects compared with <3
weekly sessions, > 14 total PJT sessions produced larger
effects than < 14 sessions.

4.1 Moderators of Reactive Strength Index (RSI)
and Plyometric Jump Training (PJT)

4.1.1 Participant Characteristics: Age

When the chronological age of the participants has been
meta-analysed in relation to the physical fitness adaptations

to PJT [33, 60], similar or even greater improvements have
been noted among older participants. Indeed, the results
of our meta-analysis indicated that RSI changes after PIT
were greater for adults (ES=0.67, 95% CI 0.53-0.81)
compared with youth (ES=0.47, 95% CI 0.37-0.57).
Accordingly, other age-related factors appear more rel-
evant to explain PJT-related RSI adaptations such as the
biological maturity status of the younger participants. In
youth, biological maturation has been under-researched as
a potential moderator of the effects derived from PJT inter-
ventions. Amongst PJT studies that included youth, the
maturity status was reported in only seven out of 34 (21%)
studies. This research gap is common in the PJT litera-
ture [10] and resistance training studies in general [147].
Moreover, different maturation assessment techniques are
used (e.g., pubic hair development, predicted age of peak
height velocity), introducing heterogeneity across studies.
Additionally, gold standard assessment techniques (e.g.,
skeletal age) [148—150] are rarely reported. Considering
that physiological maturation may affect PJT-related RSI
adaptations in both youth males and females [7, 78, 80],
and considering that most of the studies included in this
systematic review involved youth, future studies should
attempt to overcome this methodological issue by examin-
ing youth participants. Alternatively, studies with youth
populations may have used a more conservative PIT dos-
age, precluding RSI maximization. Currently, there is a
lack of clear cut-off values for the prescription and pro-
gression of PJT programming parameters [151], or the
use of adequate markers of PJT intensity [123, 152, 153],
including the RSI [118, 154]. Future research should be
conducted to solve these limitations which could help
to maximize RSI in youth and adult populations, and to
reduce potential adverse health events related to PJT pro-
grams. Of note, some of the included adult studies in our
moderator analysis [114, 115] reported age as mean + SD
values (e.g., 19 +2 years). Closer scrutiny of the adult
population revealed that primarily college students were
recruited in these studies. Accordingly, it is possible that
few (if any) participants were aged < 18 years. Overall,
the moderator analysis comprised 41 adult and 61 youth
groups. Therefore, and for the above-mentioned reasons,
the number of studies that may have included participants
aged < 18 years in the adult group was negligible.

4.1.2 PJT Programming Parameter: Total Duration

Regarding the PJT programming parameter total duration,
greater PJT-related RSI changes were noted after > 7 weeks
(ES=0.66, 95% CI 0.50-0.83) compared to <7 weeks
(ES=0.47,95% C10.37-0.57). In line with longer durations,
a trend was noted for greater RSI changes after > 14 PJT
sessions (ES=0.65, 95% CI 0.49-0.82) compared to < 14
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Table 4 GRADE analyses

No. of groups (k) RoB in studies Inconsistency Indirectness Imprecision Risk of Certainty of
and PSS publication  evidence
bias
Main analysis
PIT effects on RSI k=102, n=2576 Low?® Moderate® Low® Low (small positive Low! Moderate
effect of PIT)¢
Moderator analyses
Youths versus k=102, n=2576 Low* Moderate® Low® Low (greater ben-  — Moderate
adults efits in adults)®
>7 ver- k=102, n=2575 Low* Moderate® Low*® Low (greater - Moderate
sus <7 weeks benefits
program dura- after> 7 weeks)*
tion
> 14 versus < 14 k=102, n=2576 Low* Moderate” Low*® Moderate (unclear — Low
training sessions direction of
effects)®
3 versus<3 k=102, n=2576 Low?* Moderate® Low* Moderate (unclear — Low
weekly sessions direction of
effects)®
<1080 ver- k=101, n=2555 Low* Moderate® Low® Moderate (unclear — Low
sus > 1080 jumps direction of
effects)®
Randomized k=97, n=2506 Low” Moderate” Low*® Moderate (unclear — Low
versus non- direction of
randomised effects)®

GRADE Grading of Recommendations Assessment, Development and Evaluation, PSS pooled sample size, RoB risk of bias

*No downgrade of evidence as the median PEDro scores were at least high (> 6)

"Downgrade evidence by one level due to clinical heterogeneity (populations, interventions, comparators). No comparison presented high levels

of statistical heterogeneity

“No downgrading. Eligibility criteria (not featured in the table) ensured appropriate populations, interventions, and outcomes (without the need

to use proxies or surrogates)

9No downgrading, as > 800 participants were available for a comparison and there was a clear direction of the effects

°Downgraded by one level, as > 800 participants were available for a comparison but there was an unclear direction of the effects

fNo downgrading (Egger’s test>0.05)

sessions (ES=0.47, 95% CI 0.37-0.57). These results are
aligned with those from a meta-analysis regarding the effects
of PJT on jump height in female soccer players, which dem-
onstrated greater improvements after > 8 weeks (ES =1.24)
compared to < 8 weeks (ES =0.66) [59]. Similarly, among
male youth soccer players, better 10-m linear sprint perfor-
mances were noted after programmes > 7 weeks (ES=0.93)
compared to <7 weeks (ES=0.11). Moreover, in PIT
interventions that incorporated mid-study measurements,
although improvements in physical fitness (i.e., linear sprint-
ing, jumping, maximal strength) were noted after 4 weeks
of PJT, larger improvements were observed after periods of
6, 8, 12 and 16 weeks of training [155, 156]. Collectively,
although the evidence suggests that PJT may induce early
adaptations in some outcomes of physical fitness, including
the RSI, greater improvements are likely after longer-term
interventions. However, although the duration of the train-
ing programs in the intervention groups ranged from 4 to

96 weeks, most studies lasted 6 weeks, with a median value
of 7 weeks (i.e., cut-off value used for moderator analysis).
Thus, there is a need for long-term PJT intervention studies
in future research.

4.1.3 PJT Programming Parameter: Frequency

Regarding PJT frequency, greater PJT-related RSI
changes were noted after three weekly PJT sessions
(ES=0.73,95% CI 0.54-0.93) compared to < three ses-
sions (ES =0.50, 95% CI 0.41-0.58). There are several
theoretical advantages of increased training frequency.
For example, increased protein synthesis in response to
training may last for 24-48 h in untrained individuals
[157] and 24 h in trained individuals [158]. Consequently,
a higher training frequency may provide more time for
a net positive protein balance, thus enhancing muscu-
lar adaptations [159]. Similarly, greater weekly training
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frequency may favour bone mass accretion [160]. Fur-
thermore, increased frequency of neuromuscular stimuli
during a weekly training schedule may also help to opti-
mise motor learning [161]. In addition, distributing the
same weekly load across higher frequencies (i.e., several
days) may reduce fatigue during the training sessions
[159] and recovery duration between sessions [162].
Nonetheless, studies included in this meta-analysis that
applied different PJT frequencies also applied a different
total number of jumps. For example, one study applied
three weekly PJT sessions over a period of 8 weeks
[87] with an RSI improvement of ~54% after a total of
2400 jumps. In contrast, another study [90] applied two
weekly PIT sessions over a period of 8 weeks, with a
RSI improvement of ~20% after a total of 660 jumps.
Contrary to our findings, previous results suggest that
training frequency is a less decisive moderator when
the training load is equated [163—165]. Indeed, a recent
review [154] reported no effects of PJT frequency on
soccer athletes’ athletic performance (e.g., jump height)
when the weekly training load was equated. Moreover,
two meta-analyses [59, 60] revealed no effects of PJT
frequency on female and young male soccer players’
physical fitness (e.g., linear sprint, vertical jump). Fur-
thermore, when the total number of jumps was equated,
one or two weekly PJT sessions induced similar physi-
cal fitness improvements (e.g., linear sprint, jumping),
irrespective of the participants’ age or sex [166—168].
Overall, it seems that when the weekly number of jumps
is equated, training frequency seems not to affect train-
ing induced adaptations. However, when a greater num-
ber of jumps needs to be accumulated, a greater training
frequency may allow some logistical advantages (e.g.,
greater inter-repetition rest, and training intensity) that
could augment the training responses. In such cases, and
considering the difficulty many coaches face to sched-
ule more weekly training sessions, a pragmatic approach
to increase PJT weekly frequency (and/or volume) may
involve the integration of PJT exercises at the end of the
warm-up of training sessions (e.g., composite training)
[89], with the advantage of potentially increasing linear
and change-of-direction speed movements [169-171].
Of note, our moderator analyses included studies that
applied < three weekly PJT sessions compared to studies
that applied three weekly sessions. Therefore, the maxi-
mum number of weekly sessions amounted to three in
the included studies. If experimental studies [166—168]
compared the PJT effects on participants’ physical fit-
ness, by using different number of training sessions per
week, the authors scheduled either one or two weekly
sessions. A focus of future research may consider more
than three weekly sessions.

4.1.4 PJT Programming Parameter: Total Number of Jumps

Regarding the total number of jumps completed during the
PJT intervention, similar PJT-related RSI changes were
noted after <1080 (ES=0.51, 95% CI 0.39-0.63) compared
to> 1080 total jumps (ES=0.57, 95% CI 0.44-0.69). Of
note, the applied total number of jumps across PJT programs
varied widely among studies, in part due to the different
duration of studies (i.e., 4 weeks vs. 96 weeks) or the type of
jump exercises used (e.g., drop jump vs. jump rope), ranging
from 108 up to~21,000 total jumps. However, the optimal
values are still yet to be determined, with some interventions
prescribing training volumes in different ways such as dura-
tion, distance, repetitions (i.e., foot contacts, foot contacts
per leg), or a mixture of these volume-indexes. To date, very
few studies have included PJT groups with different vol-
umes being prescribed to each group [126, 172—176]. From
the aforementioned studies, only four [126, 172, 174, 175]
provided an adequate comparison between groups using a
different total number of jumps, and only one [126] observed
greater physical fitness improvements after a greater total
number of jumps. The reasons for the different findings are
not clear at present though it is interesting to note the results
of a recent meta-analysis that demonstrated that measures
of stiffness (e.g., leg, joint, closely related to RSI [2, 177])
adaptations to PJT were greater when the applied dose was
lower [178]. Overall, from the best available evidence (e.g.,
randomised, controlled studies), compared to greater total
number of jumps (i.e.,> 1080), a conservative total number
of jumps (i.e., < 1080) seems equally effective in improving
RSI, over a period >4 weeks. Independent of this, some type
of volume-based overload (e.g., number of training sessions
per week, training exercises, training sets, training repeti-
tions per set) may be needed to maximize improvements,
with a relatively lower number of jumps at the beginning of
the program and a progressive increase in number towards
the end. Of note, progressive overload would need to con-
sider PJT exercise intensity as well. For example, a high-
volume to low-volume approach might be used when the
intensity of PJT is increasing. In some instances, a tapering
period may further maximize improvements [179]. From an
injury prevention perspective, the current evidence points
toward the use of a conservative number of jumps, which
not only may allow significant RSI improvements, but also
a lower risk of injury [180-182].

4.2 Adverse Health Effects

One study indicated that one older adult (from total n=20)
did not complete the intervention due to pain in the Achilles
tendon, possibly due to PIT [99], and four studies indicated
that youth (mostly male soccer players) reported low lev-
els of muscle pain in their lower limbs after initial training
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sessions [129-132]. However, most of the included stud-
ies did not report any adverse health events related to the
PJT intervention. The relative safety of PJT programs has
been previously supported [10, 17, 18]. Moreover, when
adequately programmed and supervised, PJT interventions
may also reduce the risk of injury [183, 184]. Although PJT
seems to be safe, caution is recommended when applying
this type of training in poorly conditioned participants with
low strength levels or an inability to decelerate their body
mass during landing tasks. Suggestions for progression dur-
ing PJT have previously been provided by Lloyd et al. [185],
Séez de Villarreal and Ramirez-Campillo [186], and Flana-
gan and Comyns [5]. These recommendations can be used
to improve physical fitness (including RSI) and mitigate the
risk of sustaining injuries. For example, a line of progression
may entail for vertical jumps: (1) drop lands, (2) drop jumps,
(3) repeated hurdle jumps (low), (4) repeated hurdle jumps
(high). For horizontal jumps a line of progression may con-
tain the following exercises: (1) single leg hops, (2) repeated
single leg hops, (3) straight leg bounding, (4) bounding.

Moreover, a higher number of repetitions of PJT exer-
cises may be associated with increased injury risk, particu-
larly in females [180, 182]. Of note, the moderator analysis
computed in this systematic review revealed that a total
number of jumps > 1080 or < 1080 seems equally effective
in improving the RSI. In addition, the periodic application
of taper strategies (i.e., reduction in PJT volume) during a
program can reduce overload-induced inflammation from
large eccentric loads [187, 188]. Accordingly, a tapering
strategy may help to avoid injuries and facilitate adaptive
processes in the musculoskeletal system, optimising the RSI
[179, 189]. Moreover, although none of the included studies
reported adverse health events, none of the studies reported
on participants’ movement quality during plyometric jump
drills and progressive overload. Although the potential rela-
tionship between movement competency and PJT progres-
sion [185, 190, 191], and some potential factors associated
with the safety of PJT drills [192—-194], have been reported,
conclusive evidence is lacking. Moreover, there is a lack of
clear cut-off values for the prescription and progression of
PJT [151], or the use of adequate markers of PJT intensity
[123, 152, 153], including the RSI [118, 154]. To improve
the RSI and to reduce any potential adverse events derived
from PJT programs, the aforementioned issues should be
further investigated.

4.3 Limitations

First, regarding the risk of bias (methodological quality)
of the included studies, according to the PEDro checklist,
the median (i.e., non-parametric) score was 6.0 (low risk
of bias—good quality). Nonetheless, although most of the
included studies (n =34) in our meta-analysis attained a low

risk of bias, 27 studies did not score more than 5 points in
the PEDro scale, with only two studies attaining > 8 points.
Previous systematic reviews that focused on PJT [56, 195,
196] and used the PEDro scale also suggested that the
published PJT studies need to reduce the risk of bias. This
finding is likely due to the difficulties in conducting studies
related to the blinding of participants or therapists. Indeed,
most of the included studies (n =45-59) did not comply with
PEDro items 3, 5, 6, and 7 (i.e., allocation concealment,
blinding of participants, blinding of coaches, and blind-
ing of assessors, respectively). Second, regarding potential
adverse events derived from PJT interventions, even though
the included studies did not specify any negative responses
associated with the PJT intervention, it is unclear if there
was an attempt by the researchers to comprehensively record
all possible adverse events. Therefore, future studies are
encouraged to be fully transparent regarding any injuries,
pain or other adverse PJT-related events, and the methods
used to assess these, including a register of the protocol.
This would help to expand our knowledge on the safety of
this type of training. Third, regarding participants' sex, 17
groups involved females only (n =385, 15% of total par-
ticipants). The lower number of females compared to males
is unfortunately relatively common in the PJT literature
[10, 17]. The reason why females are less involved in PJT
research is probably multifactorial and not only related to
PIJT but overall to strength and conditioning research [147,
197-199]. Likely reasons could be that for many years fewer
females have practiced professional sports (e.g., soccer,
handball, track and field) that benefit from PJT compared
to males. On a global level, cultural and/or religious rea-
sons may have reinforced this phenomenon. In addition, PIT
and power exercises in general may not have been within
the scope of coaches dealing with exercising females. The
positive effects of PJT exercises for females could be less
recognised by coaches, and researchers have neglected this
topic for many years and increased their research efforts only
recently. There is evidence [200] that it takes up to 17 years
until research findings are translated into (clinical) practice.
Such a limitation is applicable to studies in athletes as well,
such as in female soccer players. Indeed, in the current sys-
tematic review most (n=22) of the studies that recruited
athletes included soccer players, although only three out
of 22 soccer studies included females. With the increased
participation of females in sports (e.g., 50% increase in the
number of female soccer players was observed between 2000
and 2006 [201]), research is required to enhance knowledge
with regards to PJT programming for RSI optimization
in female athletes. Relatedly, it seems that the number of
female athletes involved in sports as well as the number
of studies conducted in the general female population and
female athletes is increasing steadily [197]. Fourth, some
sports already include a considerable jumping load in their
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sport-specific actions (e.g., long jump, high jump, basket-
ball). Accordingly, when programming PJT in these sports,
the additional sport-specific demands in terms of jump
load must be considered. However, due to methodological
reasons, we were unable to conduct a meta-analysis on the
effects of PJT on the RSI according to the type of sport. The
main methodological reason that precluded a sport-specific
meta-analysis was the considerable difference in the num-
ber of studies that provided data for specific sports: soccer
n=22, endurance runners n=>5, gymnasts n=4, volleyball
n=2, handball n=1, hurling n=1, tennis n=1, and rugby
n=1. Considering general [83—-86] and PJT-specific [61]
recommendations, the certainty of evidence would be con-
sidered very low for outcomes or moderators not included in
meta-analyses. Therefore, current evidence for recommenda-
tions on the potential differences for the effectiveness of PIT
on the RSI, according to the type of sport, would be rated as
very low. Fifth, given the large difference in the number of
studies that included active compared to specific-active con-
trols, and the low (n< 10) number of studies that included
specific-active controls, a moderator meta-analysis on the
type of controls was precluded, due to a potentially biased
comparison arising from analyses including < 10 studies per
characteristic being modelled, particularly when the covari-
ates are unevenly distributed across studies [202]. Indeed,
participants involved in PJT attained a significant different
RSI change when compared to active controls (66 groups
[94 when proportionally divided for studies that included
multi-PJT groups]; ES =0.56, 95% CI 0.48-0.64; p <0.001;
I?=0.0%), although not when compared to specific-active
controls (seven groups; ES =0.29, 95% CI — 0.09 to 0.67;
p=0.139; P= 34.6%), with a between-moderator category
p value of 0.171. Therefore, although PJT might be similarly
effective compared to other training approaches to improve
the RSI, more studies are required to assess the effective-
ness of PJT in comparison with other training protocols.
Of note, out of the 73 control groups, only seven groups
were specific-active controls, which means that they were
involved in a non-PJT intervention (e.g., resistance training).

4.4 Practical Applications and Directions for Future
Research

4.4.1 Sample Size

Small sample sizes represent an often encountered limita-
tion in the sport science literature [203], including the PJT
literature [10, 17], particularly when examining athletes.
Although smaller studies may implement more thorough
interventions than larger trials [73, 204-206], they exhibit
larger effects (type I error, i.e., false positives) [73, 204,
206-208]. In PJT studies ~ 10 participants are usually
included per study group [10, 17], casting doubts on the

transferability of PJT findings into practice. Indeed, from
the 61 studies included in our meta-analysis, a mode of ten
participants per PJT group was observed, with a median
number of 11 participants, and a mean of 14.8 participants
per PJT group. Future studies should conduct a priori power
analysis to estimate the required sample size and to increase
the robustness of the statistical power [203]. Free online
software tools and guidelines are available to compute a
priori power analyses, including specific recommendations
for sport sciences [203, 209]. Small sample sizes are often
encountered in sport science, particularly when working
with elite athletes. The computation of interindividual vari-
ability may offer great value when dealing with small study
samples [210-213]. A few studies included in our systematic
review [106, 113, 131] provided inter-individual analyses
for the adaptive response of the RSI to PJT interventions.
Researchers conducting studies in elite sports with small
samples are advised to calculate reliability or typical error
data on an individual level (i.e., individual target scores)
[2], in comparison to the use of arbitrary smallest worth-
while change values. For example, if the RSI from an indi-
vidual is equal to 2.8 and its coefficient of variation for RSI
is 6%, therefore: 2.8 X 0.06 (6% as a decimal)=0.168. Then,
2.84+0.168 =2.968. As such, an athlete, for example, needs
to have scored >2.968 as an RSI improvement to achieve a
true improvement, which is greater than the noise of the test.
Of note, while in some fields the outcomes are sensitive to
randomization, in others it may not be necessary. Indeed, for
randomised (ES =0.52) versus non-randomised (ES =0.80)
studies in this field, we noted a lack of identifiable differ-
ences in direction of the outcomes. Therefore, in the case of
assessing PJT effects on RSI, randomization may not be a
key factor. Nonetheless, researchers should aim to conduct
future studies to address the effects of PIT on RSI using
adequate sample-size randomised, controlled trials.

4.4.2 Implications for Measurement and Assessment

Regarding the measurement and assessment of RSI, irre-
spective of the jump task, participants are usually required
to perform a maximal jump displacement (either vertical
or horizontal) and to minimize GCT [2, 19]. Although sev-
eral measures of RSI are possible (e.g., modified RSI) with
advanced laboratory equipment (e.g., force platforms, elec-
tromyography), for practical purposes in most field-based
studies, the RSI is calculated via the division of jump height
or flight time by the respective GCT, which can be assessed
with low cost and versatile equipment, such as jump mats or
mobile phones apps [2, 3, 214]. Indeed, most of the included
studies in the meta-analysis used testing protocols involving
drop jumps (47 studies) performed mostly (42 studies) on
contact mats (including optical-based mats). Relatedly, most
protocols (58 of 61 studies) were assessed using plyometric
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jump-specific tests (e.g., drop jump, vertical hop). Future
PJT studies may assess RSI with other tests (e.g., speed,
change of direction) to determine how well PJT transfers to
RSI in other skills or capacities [122, 215-219].

Furthermore, the type of RSI reported in the studies
included were mm/ms (n=25), m/s (n=9), cm/s (n=28),
cm/ms (n=4), ms/ms (n=3), s/s (n=1), and unreported
(n=11). Considering that the RS is a ratio, future research-
ers are encouraged to report RSI unit-less, as opposed to
common reporting formats such as mm/ms (i.e., velocity).
Additionally, for future studies, authors are encouraged to
report not only the RSI, but its constitutive components as
well (e.g., jump height, GCT). This would help to deter-
mine the magnitude of RSI improvement due to changes in
one or more of its components. Relatedly, future researchers
may consider the measurement of the RSI constitutive com-
ponents jump height and GCT, but also countermovement
depth, for a more comprehensive view of potential adapta-
tions. Although RSI measurement is usually reliable [2],
the countermovement performed during jumps may be an
important confounding factor for RSI determination, stress-
ing the need for adequate technique mastering and famil-
iarisation with the test procedures before RSI measurements
[26].

5 Conclusions

Interventions involving PJT are more effective for improv-
ing RSI in healthy individuals across the lifespan compared
to active/specific-active control conditions involving tradi-
tional sport-specific training as well as alternative training
interventions. This conclusion is derived from 61 articles
with low risk of bias (good methodological quality), low
study heterogeneity, and a moderate certainty of evidence
according to GRADE rating, comprising 2,576 partici-
pants. The observed PJT-related RSI changes were greater
for adults compared with youth. Larger effects were found
after > 7 weeks compared with <7 weeks of training. Three
weekly exercise sessions were more effective than < three
sessions, and > 14 total PJT sessions showed larger effects
than <14 sessions.
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