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Abstract 

Background:  Plyometric training (PT) has been widely studied in sport science. However, there is no review that 
determines the impact of PT on the structural variables and mechanical properties of the lower limbs and physical 
performance.

Objective:  The aim of this systematic review and meta-analysis was to determine the effects of PT on lower body 
muscle architecture, tendon structure, stiffness and physical performance.

Methods:  Five electronic databases were analysed. The inclusion criteria were: (1) Availability in English; (2) Experi‑
mental studies that included a PT of at least eight sessions; and (3) Healthy adults subjects. Four meta-analyses were 
performed using Review Manager software: (1) muscle architecture; (2) tendon structure; (3) muscle and tendon stiff‑
ness; (4) physical performance.

Results:  From 1008 search records, 32 studies were eligible for meta-analysis. Muscle architecture meta-analysis 
found a moderate effect of PT on muscle thickness (Standard Mean Difference (SMD): 0.59; [95% Confidence Interval 
(CI) 0.47, 0.71]) and fascicle length (SMD: 0.51; [95% CI 0.26, 0.76]), and a small effect of PT on pennation angle (SMD: 
0.29; [95% CI 0.02, 0.57]). The meta-analysis found a moderate effect of PT on tendon stiffness (SMD: 0.55; [95% CI 0.28, 
0.82]). The lower body physical performance meta-analysis found a moderate effect of PT on jumping (SMD: 0.61; 
[95% CI 0.47, 0.74]) and strength (SMD: 0.57; [95% CI 0.42, 0.73]).

Conclusion:  PT increased the thickness, pennation angle and fascicle length of the evaluated muscles. In addition, 
plyometrics is an effective tool for increasing tendon stiffness and improving jump and strength performance of the 
lower body.
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Key Points

•	 Plyometric training is an effective tool to increase 
muscle thickness of the vastus lateralis, vastus media-
lis, rectus femoris and triceps surae.

•	 Plyometric training is effective in increasing fascicle 
length of the vastus lateralis and rectus femoris mus-
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cles, and pennation angle of the rectus femoris mus-
cle.

•	 Plyometric training is considered an effective tool for 
increasing tendon stiffness.

•	 Plyometric training produces improvements in jump 
performance (CMJ, SJ, DJ) and lower body strength 
performance.

•	 Muscle and tendon CSA, muscle stiffness and sprint 
performance show no significant changes after a ply-
ometric training programme.

Introduction
Plyometric training (PT) is a type of strength training 
widely used in team and individual sports to improve 
sport-specific performance [1, 2]. Plyometric exercises 
have been shown to be an effective method of improv-
ing a number of physical qualities such as strength and 
jump height [3], running economy [4], agility [5], sprint 
speed and endurance [6]. The exercises involved in PT 
are characterised by explosive muscle extension and 
contraction [1]. These specific exercises consist of three 
phases: (1) the pre-activation phase (eccentric phase); 
(2) the amortisation phase (isometric phase); and (3) 
the shortening phase (concentric phase) [1]. The quick 
transition from the eccentric to the concentric phase 
of the movement is known as the stretch–shortening 
cycle (SSC) [7]. In the eccentric pre-activation phase 
of plyometrics, the Golgi tendon organs are stretched 
more than in regular strength training which leads to a 
greater inhibition of their protective function and leads 
to an increase in concentric power output [1, 8]. Thus, 
PT can improve the mechanical characteristics of the 
muscle–tendon complex, strengthen the elastic prop-
erties of connective tissue and optimise cross-bridge 
mechanics and motor unit activation [7, 9]. These adap-
tations are associated with improvements in muscle 
strength, dynamic stability and neuromuscular control, 
as well as with an increase in contraction speed and 
joint stiffness [7, 8]. In addition, the recent literature 
has demonstrated the efficacy of PT in different health-
related contexts [10]. Therefore, PT is an effective type 
of training to improve both physical performance [11] 
and health [10] in athletic and non-athletic populations.

Skeletal muscle architecture is usually defined by fas-
cicle length, cross-sectional area (CSA), muscle thick-
ness and pennation angle [12]. These parameters show 
information about muscle function and are usually 
employed for musculoskeletal models [13]. It has been 
suggested that an increase in muscle CSA is accompa-
nied by improvements in force production and larger 

muscle fibre pennation angles which may increase the 
number of cross-bridge interactions [14]. Despite PT 
resulting in a wide range of different physiological and 
biomechanical adaptations [7, 15, 16], changes in mus-
cle architecture have been less studied [17, 18]. In one 
of the latest reviews on plyometrics, two types of train-
ing (plyometrics vs. resistance) were compared and 
both were shown to have similar effects on lower limb 
muscle hypertrophy [19]. Therefore, it is necessary to 
analyse the results of studies in which a PT programme 
has been carried out and its effect on muscle architec-
ture has been studied.

Tendon structure commonly described as tendon CSA, 
tendon length or tendon thickness, serves the function 
of holding the muscle to the bone. Tendons are located 
at each end of the muscle being firmly connected to the 
muscle fibres and to the components of the bone [20]. 
The main function of tendons is to store and transmit 
the mechanical force of muscle contraction to the bones 
[21]. High tendon CSA values as a result of adaptation to 
the type of training should allow the individual to with-
stand greater mechanical stress [22] and reduce the risk 
of injury [23]. In fact, 80% of Achilles tendon ruptures 
occur in the proximal area to the calcaneal insertion, 
where the tendon is narrowest and has the lowest CSA of 
the entire structure [24]. There is controversy about the  
PT effects on tendon structural properties. Houghton 
et al. [25] and Paleckis et al. [26] found that the Achilles 
tendon CSA increased after a PT programme. However, 
other research did not find changes in tendon CSA and 
tendon thickness after PT [26–28]. We found no studies 
evaluating the effects of several weeks of PT on tendon 
length or tendon thickness. As adaptation of the tendon 
to the rapid eccentric forces may reduce their detrimen-
tal effect [29], it is necessary to clarify the effects of PT 
on tendon structural properties. In addition, eccentric 
exercises can also be investigated for their possible use 
as a preventive measure in addition to their rehabilita-
tive role [30].

Stiffness is the biomechanical property of the tissue 
that explains its resistance to a contraction or to an 
external force that deforms its initial shape [31]. The 
mechanical properties of tendons have been related to 
dynamic performance, showing that high stiffness val-
ues are beneficial for both rapid SSC activities, as well 
as for actions involving high speed of movement [32]. 
Therefore, the rapidity of plyometric exercises, which 
involve a rapid stretching of the muscle–tendon com-
plex followed immediately by muscle shortening [7], 
could improve the force transmission to the bone [33, 
34]. In PT, the stored energy in the muscle–tendon 
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complex during the stretching phase is used during the 
shortening phase and transformed into movement with-
out being wasted in the form of heat [1]. The mechani-
cal properties of the muscle–tendon complex have been 
shown to change after PT [28, 35]. However, the effects 
of PT on stiffness are unclear, as some studies have 
found no significant changes in tendon stiffness after PT 
[28, 36], while other studies found significant increases 
showing improvements in force transmission to bone 
[37–39]. Therefore, a thorough evaluation is needed to 
discuss the nature of the possible physiological mech-
anisms involved in the changes in mechanical proper-
ties after PT [38] and to find out what differences exist 
among studies so that the changes in stiffness after PT 
are not the same.

The systematic reviews and meta-analyses that can be 
found to date on the effects of PT base their research 
mainly on physical performance parameters, and few 
results are found on the effects on muscle architecture, 
tendon structure and stiffness. Therefore, the aim of this 
systematic review and meta-analysis was to determine 
the effects of PT on lower body muscle architecture, ten-
don structure, stiffness and physical performance.

Methods
Study Design and Registration
PubMed, Scopus, Web of Science (WOS), MEDLINE and 
SportDiscus databases were systematically searched for 
articles describing the effects of PT.

This systematic review followed the Preferred Report-
ing Items for Systematic reviews and Meta-Analyses 
(PRISMA) [40]. The International Prospective Register of 
Systematic Reviews (PROSPERO) registration number is 
(CRD42020219228).

Search Strategy and Study Selection
A manual search was performed using a combination of 
the following key terms: plyometric training, muscular 
architecture and tendon structure. These concepts were 
applied using the search operator “AND” in title and 
abstract. The full search string is provided in Appendix 
A.

The databases were searched for articles published up 
to 25 January 2022. After removing the duplicated stud-
ies, two researchers (M.R.C. and A.B.S.) independently 
screened titles and abstracts to identify articles meeting 
the inclusion criteria described below. If the two asses-
sors did not agree about article selection, consensus was 

sought in a meeting. If necessary, a third author (P.E.G.) 
was consulted to make the final decision.

The full text of the selected articles was retrieved and 
independently screened by the same researchers to deter-
mine whether articles met the inclusion criteria. The 
reference lists of the included articles were checked to 
ensure no publications were missed by the initial search 
and authors were contacted for missing outcomes if 
necessary.

Eligibility Criteria
To be included in the present systematic review, stud-
ies had to satisfy the following inclusion criteria: (1) 
Availability in English; (2) Experimental studies that 
included a PT programme of at least eight sessions, 
to determine the effects on lower limb (pre- and post-
training); (3) Carried out on adult men and/or women 
(≥ 18 years) without pathologies or health problems.

We excluded articles that (1) were review articles, 
editorials or letters to the editor or case reports; (2) 
were performed on animals, cadavers or in  vitro; (3) 
did not provide data on post-training; (4) were observa-
tional studies that did not apply any type of PT.

Methodological Quality Assessment
Quality assessment was carried out by two authors 
(M.R.C. and A.B.S.) using The Physiotherapy Evidence 
Database (PEDro) scale [41]. Quality assessment was 
completed before data extraction was started. The 
PEDro scale consists of 11 items designed to assess 
the methodological quality of the studies. Each satis-
fied item contributes 1 point to the overall PEDro score 
(range 0–10 points). Item 1 was not included as part of 
the study quality rating as it pertains to external valid-
ity. Thus, quality assessment was interpreted using the 
following 10-point scale: 0–3 points were considered 
poor quality, 4–5 points as moderate quality and 6–10 
points as high quality [42]. The table with PEDro scale 
is provided in Appendix B.

The two same authors independently performed risk 
of bias assessment for the included studies. Cochrane 
Robins 2.0 for randomised trials was used [43]. This 
tool assesses methodological quality and indicates 
potential risk of bias on the basis of 7 aspects: (1) ran-
dom sequence generation; (2) allocation concealment; 
(3) blinding of participants and personnel; (4) blinding 
of outcome assessment; (5) incomplete outcome data; 
(6) selective reporting; and (7) other bias. The overall 
judgement was summarised as “low risk of bias”, “some 
concerns” or “high risk of bias”. The Kappa correlation 
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test was used to analyse the level of agreement among 
authors in order to control for risk of bias of the 
included studies. The level of agreement obtained 
was k = 0.88. The details of the risk of bias assess-
ment of the included trials are displayed in Appendix 
C. In case of disagreement between the two assessors 
about quality assessment or risk of bias assessment, 
consensus was sought in a meeting. If necessary, the 
third author (J.A.V.) was consulted to make the final 
decision.

Data Extraction
The full texts of each study were collected, and the 
necessary data were extracted from both the text and 
tables. The data extraction was performed indepen-
dently by two reviewers (M.R.C. and A.B.S.), and a 
third author (J.A.V.) was consulted to resolve disagree-
ments where necessary. Data were compiled in a docu-
ment produced using a standardised data extraction 
programme. In the absence of essential data in the orig-
inal studies, authors were contacted for the necessary 
information. The data extracted were: (1) name of the 
first author and year of publication; (2) characteristics 
of the population, with the total sample and by groups, 
age and physical fitness of the participants; (3) charac-
teristics of the PT programme, where the duration in 
weeks, number of training days per week, total number 
of sessions, minutes per session and total jumps per-
formed were collected; and (4) selected variables, in 
turn divided into results referring to lower body mus-
cle architecture, tendon structure, stiffness and physical 
performance (Table 1).

Statistical Analyses
Pre- and post-intervention mean ± standard deviation 
(SD) for outcomes from the PT groups were collected. 
Four meta-analyses were performed using Review 
Manager software (RevMan. Version 5.3. Copenha-
gen: Nordic Cochrane Centre, Cochrane Collabora-
tion, 2014) for statistical analysis of the extracted data. 
Four meta-analyses were conducted: (1) muscle archi-
tecture; (2) tendon structure; (3) muscle and tendon 
stiffness; and (4) physical performance. The chi-square 
test and the Higgins I2 test were used to assess the 
heterogeneity among studies [44]. I2 ranges between 
0 and 100%, where 0% indicates no observed hetero-
geneity, and larger values show increasing heterogene-
ity. The relationship between heterogeneity levels and 
I2 values is as follows: low level < 25%, moderate level 
25–75% and high level > 75% of heterogeneity [45, 46]. 

A random-effects model using the Mantel–Haenszel 
method was used to pool the results of the different 
studies. Pooled odds ratios (OR) with 95% confidence 
intervals (CI) were calculated for the studies included 
in each meta-analysis. The standardised mean differ-
ence (SMD) and a 95% CI were also used for the anal-
ysis of continuous data [47]. The score of SMD was 
interpreted as follows: trivial: < 0.2, small effect: 0.2–
0.5, moderate effect: 0.51–0.8, large effect: > 0.8 [48]. 
The Z-statistic (Z) was employed to analyse the overall 
effect. The significance criterion for all statistical tests 
was set at p < 0.05.

Results
Study Selection
The search of the different electronic databases identi-
fied 1008 articles. A total of 660 duplicates were removed 
and the remaining 348 titles and abstracts were reviewed. 
After reading the titles and abstracts, 72 articles 
remained. The full text of these 72 articles was retrieved 
and assessed for eligibility. Of the 72, 38 were excluded 
as not meeting the inclusion criteria and 34 studies were 
analysed. Data were requested for statistical analysis for 
some of the studies and were not available for 2 studies. 
Finally, 32 articles were included in the meta-analysis 
(Fig. 1).

This review focused on the evaluation of PT and its 
effects on lower body muscle architecture, tendon 
structure, muscle and tendon stiffness and different 
physical performance variables such as jump height 
(Counter Movement Jump (CMJ), Squat Jump (SJ) and 
Drop Jump (DJ)), velocity and strength. The thirty-two 
articles included in this review with meta-analysis used 
a variety of PT programmes. The frequency, intensity, 
duration, mode and sequence of the exercises and the 
design of the intervention differed among the studies 
(Table  1). Fifteen of the included studies analysed the 
effects of PT on muscle architecture [18, 49–62], eight 
articles investigated the effects on tendon structure 
[18, 25, 27, 28, 38, 54, 59, 61], thirteen studies evalu-
ated the effects on muscle–tendon stiffness [18, 25, 27, 
28, 36–39, 54, 59, 61, 63, 64], and twenty-nine showed 
the effects on physical performance [18, 25–28, 36–39, 
49–54, 56, 58–61, 63–71].

The first meta-analysis on muscle architecture was 
structured into four subcategories: muscle thickness, 
fascicle length, CSA and pennation angle. In turn, 
each subcategory included the studies according to the 
muscle evaluated. For muscle thickness meta-analysis 
eleven studies [49–55, 57, 58, 60, 61] were included. 
In fascicle length and CSA meta-analysis, nine [18, 
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49–52, 55, 56, 58, 62] and three papers [18, 56, 59] were 
evaluated, respectively. These nine studies [18, 49–52, 
55, 56, 58, 62] were also included for pennation angle 
meta-analysis. The meta-analysis on tendon structure 
included eight studies [18, 25, 27, 28, 38, 54, 59, 61] 

which analysed the Achilles tendon CSA. For the meta-
analysis of stiffness, the selected studies were divided 
into two subcategories: muscle stiffness and tendon 
stiffness. For muscle stiffness three papers [36, 54, 
59] were included and thirteen studies [18, 25, 27, 28, 

Fig. 1  PRISMA flow diagram
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36–39, 54, 59, 61, 63, 64] were analysed in the tendon 
stiffness meta-analysis. The last meta-analysis studied 
the effects of PT on three lower body physical perfor-
mance variables: jumping, sprinting and lower body 
strength. For jump performance twenty-four papers 
[18, 25–28, 36–39, 49, 50, 52–54, 58, 60, 61, 64–67, 
69–71] were analysed and divided into three categories 
according to the type of jump: CMJ (with twenty stud-
ies [18, 25–28, 38, 39, 49, 50, 52–54, 58, 60, 61, 64, 66, 
67, 69, 71]), SJ (eleven studies [18, 25, 28, 36–38, 50, 52, 
61, 64, 66]) and DJ (ten studies [27, 28, 52–54, 61, 64, 

65, 67, 70]). In sprint performance meta-analysis five 
studies [25, 49, 50, 52, 53] were included, and twenty-
one studies [26–28, 36–38, 49–54, 56, 58–60, 63–66, 
68] were included for lower body strength performance 
meta-analysis.

Methodological Quality Assessment
Methodological quality scores on the PEDro scale 
ranged from 3 to 8 (5.29 ± 1.14) out of a maximum 
of 10 points. Therefore, the set of studies was consid-
ered to be of moderate methodological quality. The 
most frequent biases were blinding of subjects (crite-
rion 5), followed by blinding of therapists (criterion 6) 
and concealed allocation (criterion 3). Details of the 
PEDro scale for each study can be found in Appen-
dix B. The risk of bias assessment showed a “high risk 
of bias” in twelve of the thirty-four included studies, 
twenty studies scored “some concern” and two papers 
were considered “low risk of bias” (Table 2, Fig. 2). The 
details of the risk of bias assessment of the included tri-
als are shown in Appendix C. Overall, the risk of bias 
in the trials included in this meta-analysis was "some 
concerns".

Meta‑analysis Results
Effects of Plyometric Training on Muscle Architecture
The PT showed an increase (p < 0.001) of muscle thick-
ness with moderate effect (SMD: 0.59; [95% CI 0.47, 0.71]; 
n = 549; Z = 9.48) and low heterogeneity (I2 = 0%). The 
subgroup analysis showed low heterogeneity (I2 = 23.6%) 
and non-significant differences (p = 0.270). Greater val-
ues of vastus lateralis muscle thickness were observed 
after PT (p < 0.001) with moderate effect (SMD: 0.55; 
[95% CI 0.35, 0.75], n = 237, Z = 5.33) and low heteroge-
neity (I2 = 14%). An increase of muscle thickness was also 
found after PT for the vastus medialis muscle (p < 0.001) 
with moderate effect (SMD: 0.80; [95% CI 0.47, 1.13], 
n = 77, Z = 4.74) and low heterogeneity (I2 = 0%), for rec-
tus femoris muscle (p < 0.001) with moderate effect (SMD: 
0.65; [95% CI 0.39, 0.92], n = 148, Z = 4.81) and low het-
erogeneity (I2 = 15%) and, for the triceps surae muscle 
(p = 0.020) with small effect (SMD: 0.37; [95% CI 0.07, 
0.67], n = 87, Z = 2.41) and low heterogeneity (I2 = 0%) 
(Fig. 3).

The PT showed an increase (p < 0.001) of fascicle 
length with moderate effect (SMD: 0.51; [95% CI 0.26, 
0.76]; n = 234; Z = 3.99) and moderate heterogeneity 
(I2 = 41%). The subgroup analysis showed low heteroge-
neity (I2 = 0%) and non-significant differences (p = 0.760). 

Table 2  Risk of bias overall judgment

Study Risk of bias

Blazevich et al. [49] Some concerns

Burgess et al. [37] High risk

Coratella, et al. [50] Low risk

Correa et al. [60] Some concerns

Fouré et al. [36] Some concerns

Fouré, et al. [38] Some concerns

Fouré et al. [18] High risk

Fouré et al. [59] High risk

Franchi et al. [51] High risk

Grosset, et al. [65] High risk

Helland et al. [52] High risk

Hirayama et al. [63] Some concerns

Hoffrén-Mikkola et al. [121] High risk

Horiuchi et al. [66] High risk

Horwath et al. [53] Some concerns

Houghton et al. [25] Some concerns

Hunter  and  Marshall  [67] Some concerns

Kannas et al. [17] High risk

Kijowksi et al. [68] Some concerns

Kubo et al. [28] Some concerns

Kubo et al. [54] Some concerns

Kubo et al. [61] Some concerns

Kudo et al. [55] Some concerns

Laurent et al. [27] High risk

Monti et al. [56] Some concerns

Ogiso  and  Miki  [64] Some concerns

Paleckis et al. [26] High risk

Potach et al. [69] High risk

Stien et al. [57] Some concerns

Taube et al. [70] Some concerns

Ullrich et al. [58] Some concerns

Van der Zwaard et al. [62] Some concerns

Wu et al. [39] Some concerns

Zubac  and  Simunic  [71] Low risk
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Greater values of vastus lateralis fascicle length were 
observed after PT (p = 0.007) with moderate effect 
(SMD: 0.56; [95% CI 0.15, 0.97], n = 141, Z = 2.69) and 
moderate heterogeneity (I2 = 62%). An increase of fasci-
cle length was also found after PT for the rectus femoris 
muscle (p = 0.009) with moderate effect (SMD: 0.57; [95% 
CI 0.14, 1.00], n = 45, Z = 2.60) and low heterogeneity 
(I2 = 0%). No change was recorded after PT in fascicle 
length of the triceps surae muscle (p = 0.070) with small 
effect (SMD: 0.38; [95% CI − 0.03, 0.78], n = 48, Z = 1.81) 
and low heterogeneity (I2 = 0%) (Fig. 4).

The PT showed no change in CSA muscle (p = 0.290) 
with small effect (SMD: 0.29; [95% CI − 0.25, 0.84]; 
n = 26; Z = 1.05) and low heterogeneity (I2 = 0%) (Fig. 5).

The PT showed an increase (p = 0.030) of pennation 
angle with small effect (SMD: 0.29; [95% CI 0.02, 0.57]; 
n = 234; Z = 2.07) and moderate heterogeneity (I2 = 52%). 
The subgroup analysis showed moderate heterogene-
ity (I2 = 72.8%) and significant differences (p = 0.030). 
An increase of pennation angle was also found after PT 
for the rectus femoris muscle (p = 0.006) with moderate 
effect (SMD: 0.78; [95% CI 0.22, 1.34], n = 45, Z = 2.75) 
and moderate heterogeneity (I2 = 35%). No change was 
recorded after PT in the pennation angle of the vas-
tus lateralis (p = 0.160) with small effect (SMD: 0.28; 
[95% CI − 0.11, 0.67], n = 141, Z = 1.42) and moderate 
heterogeneity (I2 = 59%) and for the triceps surae mus-
cle (p = 0.450) with trivial effect (SMD: − 0.16; [95% CI 
− 0.56, 0.25], n = 48, Z = 0.76)) and low heterogeneity 
(I2 = 0%) (Fig. 6).

Effects of Plyometric Training on Tendon Structure
The PT showed no change in CSA of Achilles tendon 
(p = 0.480) after PT with trivial effect (SMD: 0.11; [95% 
CI − 0.19, 0.40]; n = 88; Z = 0.70) and low heterogeneity 
(I2 = 0%) (Fig. 7).

Effects of Plyometric Training on Muscle and Tendon Stiffness
The PT showed an increase (p < 0.001) of stiffness with 
moderate effect (SMD: 0.53; [95% CI 0.33, 0.77]; n = 164; 
Z = 4.44) and low heterogeneity (I2 = 8%). The subgroup 
analysis showed low heterogeneity (I2 = 0%) and non-sig-
nificant differences (p = 0.760). No change was recorded 
after PT in muscle stiffness (p = 0.120) with small effect 

Fig. 2  Risk of bias overall judgment. Note: When a study scores a " + " 
in all subdomains, the overall judgement is "low risk of bias". When a 
study scores "?" on one or more subdomains, the overall judgement 
is "some concerns". When a study scores a "-" in one or more 
subdomains, the overall assessment is "high risk of bias", giving rise to 
substantial doubts about the quality of the research

▸
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Fig. 3  Effects of plyometric training on muscle thickness. Note: a = plyometric group 1; b = plyometric group 2; c = plyometric group 3; * = medial 
gastrocnemius; ** = lateral gastrocnemius; *** = soleus
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Fig. 4  Effects of plyometric training on fascicle length. Note: a = plyometric group 1; b = plyometric group 2; c = plyometric group 3; * = medial 
gastrocnemius; ** = lateral gastrocnemius; *** = soleus

Fig. 5  Effects of plyometric training on cross-sectional area 
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Fig. 6  Effects of plyometric training on pennation angle. Note: a = plyometric group 1; b = plyometric group 2; c = plyometric group 3; * = medial 
gastrocnemius; ** = lateral gastrocnemius; *** = soleus

Fig. 7  Effects of plyometric training on tendon structure. Note: a = plyometric group 1; b = plyometric group 2
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(SMD: 0.45; [95% CI − 0.12, 1.02], n = 29, Z = 1.56) and 
low heterogeneity (I2 = 13%). An increase of tendon stiff-
ness was also found after PT (p < 0.001) with moderate 
effect (SMD: 0.55; [95% CI 0.28, 0.82], n = 135, Z = 4.05) 
and low heterogeneity (I2 = 13%) (Fig. 8).

Effects of Plyometric Training on Lower Body Physical 
Performance
The PT showed an increase (p < 0.001) of jump perfor-
mance with moderate effect (SMD: 0.61; [95% CI 0.47, 
0.74]; n = 647; Z = 8.94) and moderate heterogeneity 
(I2 = 25%). The subgroup analysis showed low heteroge-
neity (I2 = 0%) and non-significant differences (p = 0.510). 
An increase in jump height was also found after PT for 
CMJ (p < 0.001) with moderate effect (SMD: 0.54; [95% 
CI 0.35, 0.73], n = 341, Z = 5.60) and moderate hetero-
geneity (I2 = 30%), for SJ (p < 0.001) with moderate effect 
(SMD: 0.60; [95% CI 0.36, 0.84], n = 139, Z = 4.83) and 
low heterogeneity (I2 = 0%), and for DJ (p < 0.001) with 
moderate effect (SMD: 0.76; [95% CI 0.44, 1.08], n = 167, 
Z = 4.70) and moderate heterogeneity (I2 = 48%) (Fig. 9). 
No change in sprint performance was observed after 
PT (p = 0.050) with small effect (SMD: − 0.27; [95% CI 
− 0.54, − 0.00]; n = 110; Z = 1.98) and low heterogeneity 
(I2 = 0%) (Fig. 10). The PT showed an increase (p < 0.001) 
of lower body strength performance with moderate effect 

(SMD: 0.57; [95% CI 0.42, 0.73]; n = 343; Z = 7.27) and 
low heterogeneity (I2 = 0%) (Fig. 11).

Discussion
This systematic review and meta-analysis aimed to assess 
the effects of PT on lower body muscle architecture, ten-
don structure, muscle–tendon stiffness and physical per-
formance. From records we retrieved, 32 studies were 
eligible for inclusion in the meta-analysis. The main find-
ings of our study were that PT increased the thickness of 
different muscles in the lower limbs as well as an increase 
in the pennation angle of rectus femoris, and fascicle 
length of the vastus lateralis and rectus femoris. Fur-
thermore, tendon stiffness increased and improvements 
in jump and lower body strength performance were also 
recorded after PT programmes.

Effects of Plyometric Training on Muscle Architecture
For muscle thickness we analysed the effects of PT on 
four muscles of the lower limb: vastus lateralis, vastus 
medialis, rectus femoris and triceps surae, and we found 
an increase in the thickness of these four muscles. Pre-
vious studies indicated that eccentric exercise provokes 
the increase of fascicle length [72], so the increase of the 
fascicle length of the vastus lateralis and rectus femoris 

Fig. 8  Effects of plyometric training on muscle and tendon stiffness. Note: a = plyometric group 1; b = plyometric group 2
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Fig. 9  Effects of plyometric training on jump performance. Note: a = plyometric group 1; b = plyometric group 2; c = plyometric group 3
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could indicate that the eccentric load of the plyometric 
exercises would be supported by the quadriceps muscle. 
For the CSA of the different muscles analysed (vastus lat-
eralis and triceps surae), we found no significant differ-
ences after a PT programme. For this analysis of CSA, it 

is worth noting the paucity of studies was found, as well 
as the number of subjects analysed. Early responses in 
muscle CSA may be influenced by oedema provoked by 
the eccentric component of exercise in early PT sessions 
[56].

Fig. 10  Effects of plyometric training on sprint performance. Note: a = plyometric group 1; b = plyometric group 2; c = plyometric group 3

Fig. 11  Effects of plyometric training on lower body strength performance. Note: a = plyometric group 1; b = plyometric group 2; c = plyometric 
group 3
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Notably, the exercise-related adaptations of penna-
tion angle and fascicle length could result in increases 
of muscle thickness [49]. These architectural changes in 
muscle play an important role in increasing force produc-
tion [73]. Increases in fascicle length have been observed 
following periods of isometric [74], concentric [75, 76] 
and eccentric exercise [76, 77], with the increases being 
greater with heavier loads during eccentric exercise [76, 
78]. These increases in fascicle length can affect a mus-
cle’s strength-to-length ratio and strength-to-velocity 
ratio [49, 75, 79] and may also prevent muscle injury dur-
ing explosive movements [79]. In addition, an increase in 
pennation angle may reflect the addition of sarcomeres in 
parallel [80] and an increase in fascicle length is indica-
tive of a potential addition of sarcomeres in series [76, 
81]. Therefore, it is hypothesised that increases in fascicle 
length may be induced by the imposition of stresses on 
the fibres/fascicles [82].

On the other hand, these different results found in the 
changes of muscle architecture could be due to the dif-
ferent training protocols carried out [50, 57] or even to 
the different populations involved [50]. The effects of PT 
may differ according to the different characteristics of 
the subjects such as: sex and age [83], training level [84, 
85], and physical activity performed or even familiarity 
with plyometric training [86, 87]. It is important to bear 
in mind that this combination of variables may lead to 
contradictory results. It is to be expected that less fit indi-
viduals are more likely to improve their muscle architec-
ture and make greater gains during the first few weeks of 
training than people with a higher level of fitness [88]. An 
increase in efferent neural drive could be the explanation 
for the greater changes in less experienced individuals 
according to the study by Aagaard et al. [89]. Regarding 
the training protocol, factors such as programme dura-
tion, intensity and training volume could determine the 
effectiveness of the PT for the adaptations to be observed 
[87]. Numerous authors have included  different com-
binations of these factors in their PT protocols [5, 90, 
91], but the ideal combination to achieve the best gains 
remains unclear. Some research which applied PT pro-
grammes with strength exercises (i.e. squats, dead lifts) 
found the greatest increases of muscle thickness [49, 92].

Effects of Plyometric Training on Tendon Structure
No statistically significant changes were found for ten-
don structure after a PT programme. However, a small 
increase in Achilles tendon CSA is observed after PT. This 
increase could be due to reactivated tendinopathy (tem-
porary changes) or reflect permanent hypertrophy of the 

Achilles tendon [93]. Some cross-sectional studies suggest 
that a history of repetitive lower limb loading is associ-
ated with increased Achilles tendon CSA, especially in the 
distal region [94]. Therefore, adequate mechanical load-
ing can cause positive changes in tendon structures and 
lead to improved performance, but also excessive loading 
can induce tendon degeneration [95]. This could be the 
answer to the lack of significant results in the studies by 
Fouré et  al. [18, 38, 59] and Kubo et  al. [28, 54] as they 
were longer and more intense interventions (12–14 weeks 
and 34–48 sessions). In contrast, the study by Houghton 
et al. [25] whose training programme duration and inten-
sity were shorter (8 weeks and 16–24 sessions) showed the 
greatest increase in Achilles tendon CSA in their results. 
Another reason could be the one stated by Fouré et  al. 
[38], who considered that the change in Achilles tendon 
CSA could have been undetectable in their study, because 
the CSA measurement was taken at the medial level of the 
Achilles tendon and not in the distal region as Magnusson 
and Kjaer [94] claimed. Finally, it should be noted that the 
lack of change in CSA, combined with increased maximal 
voluntary contraction and subsequent tendon stress, may 
predispose the tendon to injury (i.e. rupture and tendi-
nopathy) [38]. Therefore, in order to increase the CSA of 
the tendon and avoid tendon degeneration that may lead 
to injury, it would be interesting for future research to find 
the boundary between an adequate mechanical load and 
an excessive mechanical load in a PT programme.

Effects of Plyometric Training on Muscle and Tendon 
Stiffness
Our results show a significant increase in stiffness after 
a PT programme. The type of training could change the 
elastic behaviour of the soft tissues that make up the joint 
(muscle and tendon) [7]. Some authors suggest that a stiff 
muscle–tendon complex is necessary for the optimal per-
formance of SSC activities [96–99], since it allows a faster 
and efficient transmission of muscle force to the skeleton, 
increasing rates of force development. In the separate 
analysis of the adaptations of muscle stiffness and tendon 
stiffness to PT, we found contradictory results, as muscle 
stiffness did not show any change after PT programmes, 
but tendon stiffness did. The reason could be that elastic 
energy accumulates more in the tendons than in muscle 
fibres [100]. Another reason could be the difference in 
the number of total subjects (n = 29 for muscle stiffness 
and n = 135 for tendon stiffness).

The results show significant increases in tendon stiffness 
following a PT programme. Many studies have shown 
that PT leads to an improvement in the mechanical 
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properties of the tendon, understood as an increase in 
its stiffness [27, 37, 38]. When a muscle–tendon unit is 
repeatedly exposed to increased mechanical loading, 
muscle strength gains are observed to be accompanied 
by an increase in tendon stiffness [101–103]. This can be 
seen in the eight studies [27, 28, 36–38, 54, 59, 63] that 
assessed both tendon stiffness and lower body strength 
performance after PT. All of them found an increase in 
both strength and tendon stiffness.

Finally, muscle stiffness results showed no significant 
differences as an effect of PT. Greater muscle stiffness 
has the advantage of allowing greater storage, release 
and efficient reuse of elastic energy in SSC activities 
[104, 105]. The results obtained in the study by Ikezoe 
et al. [106] showed that muscle stiffness was significantly 
associated with muscle thickness, and in turn, a rela-
tionship between muscle thickness and muscle strength 
is observed, which is consistent with previous studies 
showing that muscle strength increased linearly as mus-
cle size increases. Therefore, to increase muscle stiffness, 
it will be critical to increase the force-producing capac-
ity of the muscle [105]. Unfortunately, because the small 
number of studies found that looked at muscle stiffness in 
the lower extremity following PT, we cannot discuss this 
point with complete certainty.

Effects of Plyometric Training on Lower Body Physical 
Performance
Our meta-analysis showed significant changes in jump 
performance (CMJ, SJ and DJ) after a PT programme. 
This gain in jumping can be attributed to factors such as 
improved recruitment of motor units, increased neural 
drive to agonist muscles, improved intermuscular coor-
dination, better utilisation of the SSC [7] and possibly 
selective muscle hypertrophy [19]. The highest SMD was 
found in the DJ, which could be due to biomechanical 
and physiological differences among the types of jumps 
[107]. Thus, a substantial difference exists in the mechan-
ical output and jump performance between slow SSC 
jumps (i.e. CMJ), fast SSC jumps (i.e. DJ) and concentric-
only jumps (i.e. SJ) [108, 109]. In this meta-analysis, the 
studies that stand out most for their significant improve-
ment [28, 54, 60, 65] have in common that they dealt with 
people with low physical activity, and therefore, their 
margin for improvement was greater than in the studies 
that worked with people who were already trained [88]. 
Furthermore, they carried out a PT programme lasting 
more than 10  weeks and 20 sessions, which would be 
in line with the recommendations of de Villarreal et  al. 
[110], who demonstrated a positive relationship between 
the duration of the programme and the number of 

sessions with the effect of PT on jump performance, and 
recommend programmes lasting more than 10 weeks and 
with more than 20 sessions.

As for the results of our meta-analysis on sprint per-
formance, we found a tendency to reduce the time in 
sprint after a PT programme, but no significant differ-
ences (p = 0.050) were found. Improvements in SSC 
efficiency and neuromechanical properties following 
a PT programme [7] contribute to the production of 
greater strength in the concentric phase of the move-
ment after a fast eccentric muscle action [7, 111]. This 
is a fundamental requirement for improved sprint 
performance [112] and therefore a reason for the ten-
dency to reduce the time in sprint after the PT pro-
gramme found in our meta-analysis. Furthermore, it 
is hypothesised that greater improvements in sprint 
performance may be due to greater training specific-
ity [113]. It is possible that a training programme that 
incorporates more horizontal acceleration (i.e. sprint-
specific plyometric exercises, jumps with horizontal 
displacement) may significantly improve sprint times 
more than training programmes that include essentially 
vertical plyometric exercises [114]. Finally, it should 
be noted that the studies included in the meta-analysis 
on linear sprinting are few and their participants were 
considered athletes, most of them belonging to differ-
ent sports clubs. This physical activity base, together 
with the scarcity of studies and the heterogeneity in 
the sprint test (20 m [49], 30 m [50, 53], and 5 m [25]), 
may have been decisive for the post-PT results. There-
fore, more studies evaluating the effects of plyomet-
rics on linear sprinting are needed to draw more solid 
conclusions.

The implementation of a PT programme showed 
significant improvements in different manifestations 
of lower body strength, such as concentric maximal 
strength and isometric maximal strength, as sup-
ported by previous studies [5, 87, 115]. In addition, 
there is evidence that PT improves muscular fitness 
(i.e. muscular strength, muscular power, local mus-
cular endurance) [116–118]. Improvements in lower 
body strength after plyometric work are probably due 
to neural adaptations such as increased firing rate, 
synchronisation, excitability and efferent motor drive 
of motor units [7] and may also be related to mus-
cle hypertrophy [19]. We highlight the results of the 
studies by Correa et  al. [60] and Grosset et  al. [65], 
who have the highest degree of improvement com-
pared to the other studies. Both studies have in com-
mon that their subjects are people performing little 
or no physical activity and that they also carry out a 
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training programme of more than 10  weeks and 20 
sessions; therefore they would have a greater margin 
for improvement than the population that is already 
trained [88, 110]. However, there would be some 
studies where no significant differences are shown 
after the PT programme, which could be attributed 
to several reasons such as the nature of the training 
protocol, the type of plyometric and weight training 
exercises used and/or the training stimulus [87]. Some 
authors recommend combining training modalities 
(i.e. plyometrics and high-intensity resistance train-
ing) to optimise maximal strength gains, rather than 
using a single modality [119, 120]. Furthermore, train-
ing that combines plyometric exercises with addi-
tional weights has been shown to achieve greater gains 
in lower limb muscle strength [87].

Study Limitations
Some potential limitations of this systematic review 
and meta-analysis should be acknowledged. The results 
are influenced by the heterogeneity of the studies, such 
as the characteristics of the participants or the different 
PT protocols (volume, intensity and duration of the pro-
grammes), which would limit direct comparisons among 
them. When a less fit person starts to exercise regularly, 
greater gains are usually achieved during the first few 
weeks compared to physically active people. This could 
be the reason for the larger changes for the same param-
eter in studies where individuals are less trained. On the 
other hand, volume (duration and number of training 
programme sessions) is a key aspect to take into account 
for the design of an optimal PT programme. In this meta-
analysis, the training protocols were not exactly the same, 
although all included plyometric exercises, and there-
fore we could consider this as a limitation of the study. 
Another limitation for some of the meta-analyses was 
the small number of articles found (i.e. sprint or muscle 
CSA), which prevented firm conclusions on the effects 
of PT on these parameters. In addition, data from some 
studies that could have been included in the review were 
lost. Finally, the low scores of some of the studies on the 
Risk of bias assessment and the PEDro scale are note-
worthy. These results are partly due to the criteria for the 
blinding of participants, therapists or evaluators, which 
makes the study score lower. However, we do not con-
sider this as a risk of bias or poor study quality as it is a 
criterion that does not influence the final results due to 
our type of intervention.

Conclusion
This systematic review with meta-analysis provides an 
overview of published studies on the effects of a PT pro-
gramme on different parameters of lower body muscle 
architecture, tendon structure, muscle–tendon stiffness 
and physical performance, in different population types. 
In conclusion, a PT programme appears to be effective 
in increasing the muscle thickness of the vastus later-
alis, vastus medialis, rectus femoris and triceps surae. It 
also provides significant changes in the fascicle length 
of vastus lateralis and rectus femoris muscles, and pen-
nation angle of the rectus femoris muscle. In addition, 
plyometrics is considered an effective tool for increas-
ing tendon stiffness and for producing improvements in 
jump performance (CMJ, SJ, DJ) and lower body strength 
performance.

Practical Applications
PT can be recommended as a training modality to 
improve different parameters of lower body muscle archi-
tecture, stiffness or physical performance. The positive 
effects of PT are related to factors such as the character-
istics of the subjects (age, sex, fitness level, etc.), but cau-
tion must be exercised because a combination of these 
variables can lead to contradictory results. The design of 
the training programme, the duration of the training and 
the volume of training are also considered key aspects to 
achieve favourable results after PT. Based on the studies 
that obtained the greatest improvements after training, 
our results show concordance with those reported by de 
Villarreal et  al. [110] who recommend programmes of 
more than 10 weeks and with more than 20 sessions, and 
therefore seem to be the most indicated for the improve-
ment of lower body physical performance. However, 
other studies suggest that a high load of this type of plyo-
metric exercise may lead to deterioration of the tendon 
structure or even injury [38]. Therefore, these considera-
tions should be taken into account by health and sport 
professionals to design an optimal PT programme.

Appendix A
PUBMED (25/01/2022)
Search: (((((((("plyometrics"[Title/Abstract]) OR 
("plyometric"[Title/Abstract])) OR ("pliometric"[Title/
Abstract])) OR ("stretch–shortening cycle"[Title/Abstract])) 
OR ("drop jump"[Title/Abstract])) OR ("jump training"[Title/
Abstract])) AND ((((("muscle architecture"[Title/Abstract]) 
OR ("physiological cross sectional area"[Title/Abstract])) 
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OR ("fascicle length"[Title/Abstract])) OR ("pennation 
angle"[Title/Abstract])) OR ("muscle thickness"[Title/
Abstract]))) NOT ("review"[Title/Abstract])) OR 
(((((((("plyometrics"[Title/Abstract]) OR ("plyometric"[Title/
Abstract])) OR ("pliometric"[Title/Abstract])) OR ("stretch–
shortening cycle"[Title/Abstract])) OR ("drop jump"[Title/
Abstract])) OR ("jump training"[Title/Abstract])) AND 
(((("tendon"[Title/Abstract]) OR ("tendon structure"[Title/
Abstract])) OR ("tendon cross sectional area"[Title/
Abstract])) OR ("tendon thickness"[Title/Abstract]))) NOT 
("review"[Title/Abstract])).

Results: 159

SCOPUS (25/01/2022)
Search: ( ( ( TITLE-ABS-KEY ( "plyometrics") OR 
TITLE-ABS-KEY ( "plyometric") OR TITLE-ABS-KEY ( 
"pliometric") OR TITLE-ABS-KEY ( "stretch–shortening 
cycle") OR TITLE-ABS-KEY ( "drop jump") OR TITLE-
ABS-KEY ( "jump training"))) AND ( ( TITLE-ABS-KEY 
( "muscle architecture") OR TITLE-ABS-KEY ( "physio-
logical cross sectional area") OR TITLE-ABS-KEY ( "fas-
cicle length") OR TITLE-ABS-KEY ( "pennation angle") 
OR TITLE-ABS-KEY ( "muscle thickness"))) AND NOT 
( TITLE-ABS-KEY ( "review"))) OR ( ( ( TITLE-ABS-KEY 
( "plyometrics") OR TITLE-ABS-KEY ( "plyometric") OR 
TITLE-ABS-KEY ( "pliometric") OR TITLE-ABS-KEY ( 
"stretch–shortening cycle") OR TITLE-ABS-KEY ( "drop 
jump") OR TITLE-ABS-KEY ( "jump training"))) AND ( 
( TITLE-ABS-KEY ( "tendon") OR TITLE-ABS-KEY ( 
"tendon structure") OR TITLE-ABS-KEY ( "tendon cross 
sectional area") OR TITLE-ABS-KEY ( "tendon thick-
ness"))) AND NOT ( TITLE-ABS-KEY ( "review"))).

Results: 255

WEB OF SCIENCE (25/01/2022)
Search: TS = ("plyometrics" OR "plyometric" OR "plio-
metric" OR "stretch–shortening cycle" OR "drop jump" 
OR "jump training") AND TS = ("muscle architecture" 
OR "physiological cross sectional area" OR "fascicle 
length" OR "pennation angle" OR "muscle thickness") 
NOT TS = ("review") OR TS = ("plyometrics" OR "plyo-
metric" OR "pliometric" OR "stretch–shortening cycle" 
OR "drop jump" OR "jump training") AND TS = ("ten-
don" OR "tendon structure" OR "tendon cross sectional 
area" OR "tendon thickness") NOT TS = ("review").

Results: 326

MEDLINE (25/01/2022)
Search: ( ( AB "plyometrics" OR TI "plyometrics" OR AB 
"plyometric" OR TI "plyometric" OR AB "pliometric" OR 

TI "pliometric" OR AB "stretch–shortening cycle" OR TI 
"stretch–shortening cycle" OR AB "drop jump" OR TI 
"drop jump" OR AB "jump training" OR TI "jump train-
ing") AND ( AB "muscle architecture" OR TI "muscle 
architecture" OR AB "physiological cross sectional area" 
OR TI "physiological cross sectional area" OR AB "fas-
cicle length" OR TI "fascicle length" OR AB "pennation 
angle" OR TI "pennation angle" OR AB "muscle thick-
ness" OR TI "muscle thickness") NOT ( AB "review" OR 
TI "review")) OR ( ( AB "plyometrics" OR TI "plyomet-
rics" OR AB "plyometric" OR TI "plyometric" OR AB 
"pliometric" OR TI "pliometric" OR AB "stretch–short-
ening cycle" OR TI "stretch–shortening cycle" OR AB 
"drop jump" OR TI "drop jump" OR AB "jump training" 
OR TI "jump training") AND ( AB "tendon" OR TI "ten-
don" OR AB "tendon structure" OR TI "tendon structure" 
OR AB "tendon cross sectional area" OR TI "tendon cross 
sectional area" OR AB "tendon thickness" OR TI "tendon 
thickness") NOT ( AB "review" OR TI "review")).

Results: 146

SPORTDISCUS (25/01/2022)
Search: ( ( AB "plyometrics" OR TI "plyometrics" OR AB 
"plyometric" OR TI "plyometric" OR AB "pliometric" OR 
TI "pliometric" OR AB "stretch–shortening cycle" OR TI 
"stretch–shortening cycle" OR AB "drop jump" OR TI 
"drop jump" OR AB "jump training" OR TI "jump train-
ing") AND ( AB "muscle architecture" OR TI "muscle 
architecture" OR AB "physiological cross sectional area" 
OR TI "physiological cross sectional area" OR AB "fas-
cicle length" OR TI "fascicle length" OR AB "pennation 
angle" OR TI "pennation angle" OR AB "muscle thick-
ness" OR TI "muscle thickness") NOT ( AB "review" OR 
TI "review")) OR ( ( AB "plyometrics" OR TI "plyomet-
rics" OR AB "plyometric" OR TI "plyometric" OR AB 
"pliometric" OR TI "pliometric" OR AB "stretch–short-
ening cycle" OR TI "stretch–shortening cycle" OR AB 
"drop jump" OR TI "drop jump" OR AB "jump training" 
OR TI "jump training") AND ( AB "tendon" OR TI "ten-
don" OR AB "tendon structure" OR TI "tendon structure" 
OR AB "tendon cross sectional area" OR TI "tendon cross 
sectional area" OR AB "tendon thickness" OR TI "tendon 
thickness") NOT ( AB "review" OR TI "review")).

Results: 122

Appendix B
See Table 3.
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Appendix C
See Fig. 12.

Authors’ Contributions
The idea for the article was conceived by Ramírez-delaCruz M, Bravo-Sánchez 
A and Abián-Vicén J. The literature search and data analysis were performed 
by Ramírez-delaCruz M, Bravo-Sánchez A and Esteban-García P. Jimenez F, and 
Abián-Vicén J drafted and/or critically revised the work. All authors read and 
approved the final manuscript.

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

Availability of Data and Materials
All data generated or analysed during this study are included in this published 
article [and its supplementary information files].

Code Availability
Not applicable.

Declarations

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Competing Interests
The authors Ramírez-delaCruz M, Bravo-Sánchez A, Esteban-García P, Jimenez 
F and Abián-Vicén J declare that they have no conflicts of interest relevant to 
the content of this review.

Received: 30 November 2021   Accepted: 27 February 2022

References
	 1.	 Davies G, Riemann BL, Manske R. Current concepts of plyometric 

exercise. Int J Sports Phys Ther. 2015;10(6):760–86.

Fig. 12  Risk of bias assessment of the included trials

	 2.	 Sammoud S, Negra Y, Chaabene H, Bouguezzi R, Moran J, Granacher 
U. The effects of plyometric jump training on jumping and swim‑
ming performances in prepubertal male swimmers. J Sports Sci Med. 
2019;18(4):805–11.

	 3.	 Oxfeldt M, Overgaard K, Hvid LG, Dalgas U. Effects of plyometric 
training on jumping, sprint performance, and lower body muscle 
strength in healthy adults: a systematic review and meta-analyses. 
Scand J Med Sci Sports. 2019;29(10):1453–65. https://​doi.​org/​10.​
1111/​sms.​13487.

	 4.	 Lum D, Tan F, Pang J, Barbosa TM. Effects of intermittent sprint and 
plyometric training on endurance running performance. J Sport Health 
Sci. 2019;8(5):471–7. https://​doi.​org/​10.​1016/j.​jshs.​2016.​08.​005.

	 5.	 de Villarreal ES, Gonzalez-Badillo JJ, Izquierdo M. Low and moder‑
ate plyometric training frequency produces greater jumping and 
sprinting gains compared with high frequency. J Strength Cond Res. 
2008;22(3):715–25. https://​doi.​org/​10.​1519/​JSC.​0b013​e3181​63eade.

	 6.	 van de Hoef PA, Brauers JJ, van Smeden M, Backx FJG, Brink MS. The 
effects of lower-extremity plyometric training on soccer-specific 
outcomes in adult male soccer players: a systematic review and meta-
analysis. Int J Sports Physiol Perform. 2019. https://​doi.​org/​10.​1123/​
ijspp.​2019-​0565.

	 7.	 Markovic G, Mikulic P. Neuro-musculoskeletal and performance 
adaptations to lower-extremity plyometric training. Sports Med. 
2010;40(10):859–95. https://​doi.​org/​10.​2165/​11318​370-​00000​
0000-​00000.

	 8.	 Sale DG. Neural adaptation to resistance training. Med Sci Sports Exerc. 
1988;20(5 Suppl):S135–45. https://​doi.​org/​10.​1249/​00005​768-​19881​
0001-​00009.

	 9.	 Ramirez-Campillo R, Burgos CH, Henriquez-Olguin C, Andrade DC, 
Martinez C, Alvarez C, et al. Effect of unilateral, bilateral, and combined 
plyometric training on explosive and endurance performance of young 
soccer players. J Strength Cond Res. 2015;29(5):1317–28. https://​doi.​
org/​10.​1519/​JSC.​00000​00000​000762.

	 10.	 Moran J, Ramirez-Campillo R, Granacher U. Effects of jumping exer‑
cise on muscular power in older adults: a meta-analysis. Sports Med. 
2018;48(12):2843–57. https://​doi.​org/​10.​1007/​s40279-​018-​1002-5.

	 11.	 Chmielewski TL, Myer GD, Kauffman D, Tillman SM. Plyometric 
exercise in the rehabilitation of athletes: physiological responses and 

https://doi.org/10.1111/sms.13487
https://doi.org/10.1111/sms.13487
https://doi.org/10.1016/j.jshs.2016.08.005
https://doi.org/10.1519/JSC.0b013e318163eade
https://doi.org/10.1123/ijspp.2019-0565
https://doi.org/10.1123/ijspp.2019-0565
https://doi.org/10.2165/11318370-000000000-00000
https://doi.org/10.2165/11318370-000000000-00000
https://doi.org/10.1249/00005768-198810001-00009
https://doi.org/10.1249/00005768-198810001-00009
https://doi.org/10.1519/JSC.0000000000000762
https://doi.org/10.1519/JSC.0000000000000762
https://doi.org/10.1007/s40279-018-1002-5


Page 27 of 29Ramírez‑delaCruz et al. Sports Medicine - Open            (2022) 8:40 	

clinical application. J Orthop Sports Phys Ther. 2006;36(5):308–19. 
https://​doi.​org/​10.​2519/​jospt.​2006.​2013.

	 12.	 Bravo-Sanchez A, Abian P, Jimenez F, Abian-Vicen J. Myotendinous 
asymmetries derived from the prolonged practice of badminton in 
professional players. PLoS ONE. 2019;14(9):e0222190. https://​doi.​org/​
10.​1371/​journ​al.​pone.​02221​90.

	 13.	 Bolsterlee B, Veeger HE, van der Helm FC, Gandevia SC, Herbert RD. 
Comparison of measurements of medial gastrocnemius architectural 
parameters from ultrasound and diffusion tensor images. J Biomech. 
2015;48(6):1133–40. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2015.​01.​012.

	 14.	 Kawakami Y, Abe T, Fukunaga T. Muscle-fiber pennation angles are 
greater in hypertrophied than in normal muscles. J Appl Physiol 
(1985). 1993;74(6):2740–4. https://​doi.​org/​10.​1152/​jappl.​1993.​74.6.​
2740.

	 15.	 Granacher U, Lesinski M, Busch D, Muehlbauer T, Prieske O, Puta C, 
et al. Effects of resistance training in youth athletes on muscular 
fitness and athletic performance: a conceptual model for long-term 
athlete development. Front Physiol. 2016;7:164. https://​doi.​org/​10.​
3389/​fphys.​2016.​00164.

	 16.	 Cormie P, McGuigan MR, Newton RU. Developing maximal neu‑
romuscular power: part 2 - training considerations for improving 
maximal power production. Sports Med. 2011;41(2):125–46. https://​
doi.​org/​10.​2165/​11538​500-​00000​0000-​00000.

	 17.	 Kannas TM, Kellis E, Amiridis IG. Incline plyometrics-induced improve‑
ment of jumping performance. Eur J Appl Physiol. 2012;112(6):2353–
61. https://​doi.​org/​10.​1007/​s00421-​011-​2208-5.

	 18.	 Fouré A, Nordez A, McNair P, Cornu C. Effects of plyometric training 
on both active and passive parts of the plantarflexors series elastic 
component stiffness of muscle-tendon complex. Eur J Appl Physiol. 
2011;111(3):539–48. https://​doi.​org/​10.​1007/​s00421-​010-​1667-4.

	 19.	 Grgic J, Schoenfeld BJ, Mikulic P. Effects of plyometric vs. resistance 
training on skeletal muscle hypertrophy: a review. J Sport Health Sci. 
2020. https://​doi.​org/​10.​1016/j.​jshs.​2020.​06.​010.

	 20.	 Wang JH. Mechanobiology of tendon. J Biomech. 2006;39(9):1563–
82. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2005.​05.​011.

	 21.	 Sarver DC, Kharaz YA, Sugg KB, Gumucio JP, Comerford E, Mendias 
CL. Sex differences in tendon structure and function. J Orthop Res. 
2017;35(10):2117–26. https://​doi.​org/​10.​1002/​jor.​23516.

	 22.	 Monte A, Zamparo P. Correlations between muscle-tendon param‑
eters and acceleration ability in 20 m sprints. PLoS ONE. 2019;14(3): 
e0213347. https://​doi.​org/​10.​1371/​journ​al.​pone.​02133​47.

	 23.	 Hess GW. Achilles tendon rupture: a review of etiology, popula‑
tion, anatomy, risk factors, and injury prevention. Foot Ankle Spec. 
2010;3(1):29–32. https://​doi.​org/​10.​1177/​19386​40009​355191.

	 24.	 Kongsgaard M, Aagaard P, Kjaer M, Magnusson SP. Structural Achil‑
les tendon properties in athletes subjected to different exercise 
modes and in Achilles tendon rupture patients. J Appl Physiol (1985). 
2005;99(5):1965–71. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00384.​2005.

	 25.	 Houghton LA, Dawson BT, Rubenson J. Effects of plyometric training 
on Achilles tendon properties and shuttle running during a simulated 
cricket batting innings. J Strength Cond Res. 2013;27(4):1036–46. 
https://​doi.​org/​10.​1519/​JSC.​0b013​e3182​651e7a.

	 26.	 Paleckis V, Mickevičius M, Snieckus A, Streckis V, Pääsuke M, Rutkauskas 
S, et al. Changes in indirect markers of muscle damage and tendons 
after daily drop jumping exercise with rapid load increase. J Sports Sci 
Med. 2015;14(4):825–33.

	 27.	 Laurent C, Baudry S, Duchateau J. Comparison of plyometric training 
with two different jumping techniques on achilles tendon properties 
and jump performances. J Strength Cond Res. 2020;34(6):1503–10. 
https://​doi.​org/​10.​1519/​jsc.​00000​00000​003604.

	 28.	 Kubo K, Morimoto M, Komuro T, Yata H, Tsunoda N, Kanehisa H, et al. 
Effects of plyometric and weight training on muscle-tendon complex 
and jump performance. Med Sci Sports Exerc. 2007;39(10):1801–10. 
https://​doi.​org/​10.​1249/​mss.​0b013​e3181​3e630a.

	 29.	 Van der Worp H, de Poel HJ, Diercks RL, van den Akker-Scheek I, 
Zwerver J. Jumper’s knee or lander’s knee? A systematic review of the 
relation between jump biomechanics and patellar tendinopathy. Int J 
Sports Med. 2014;35(8):714–22. https://​doi.​org/​10.​1055/s-​0033-​13586​
74.

	 30.	 Fredberg U, Bolvig L, Andersen NT. Prophylactic training in asympto‑
matic soccer players with ultrasonographic abnormalities in Achilles 

and patellar tendons: the Danish Super League Study. Am J Sports Med. 
2008;36(3):451–60. https://​doi.​org/​10.​1177/​03635​46507​310073.

	 31.	 Gavronski G, Veraksits A, Vasar E, Maaroos J. Evaluation of viscoelastic 
parameters of the skeletal muscles in junior triathletes. Physiol Meas. 
2007;28(6):625–37. https://​doi.​org/​10.​1088/​0967-​3334/​28/6/​002.

	 32.	 Brughelli M, Cronin J. A review of research on the mechanical stiffness 
in running and jumping: methodology and implications. Scand J Med 
Sci Sports. 2008;18(4):417–26. https://​doi.​org/​10.​1111/j.​1600-​0838.​2008.​
00769.x.

	 33.	 van Soest AJ, Huijing PA, Solomonow M. The effect of tendon on 
muscle force in dynamic isometric contractions: a simulation study. 
J Biomech. 1995;28(7):801–7. https://​doi.​org/​10.​1016/​0021-​9290(94)​
00131-m.

	 34.	 Norman RW, Komi PV. Electromechanical delay in skeletal muscle under 
normal movement conditions. Acta Physiol Scand. 1979;106(3):241–8. 
https://​doi.​org/​10.​1111/j.​1748-​1716.​1979.​tb063​94.x.

	 35.	 Spurrs RW, Murphy AJ, Watsford ML. The effect of plyometric training 
on distance running performance. Eur J Appl Physiol. 2003;89(1):1–7. 
https://​doi.​org/​10.​1007/​s00421-​002-​0741-y.

	 36.	 Fouré A, Nordez A, Guette M, Cornu C. Effects of plyometric train‑
ing on passive stiffness of gastrocnemii and the musculo-articular 
complex of the ankle joint. Scand J Med Sci Sports. 2009;19(6):811–8. 
https://​doi.​org/​10.​1111/j.​1600-​0838.​2008.​00853.x.

	 37.	 Burgess KE, Connick MJ, Graham-Smith P, Pearson SJ. Plyometric 
vs. isometric training influences on tendon properties and muscle 
output. J Strength Cond Res. 2007;21(3):986–9. https://​doi.​org/​10.​
1519/R-​20235.1.

	 38.	 Fouré A, Nordez A, Cornu C. Plyometric training effects on Achilles 
tendon stiffness and dissipative properties. J Appl Physiol (1985). 
2010;109(3):849–54. https://​doi.​org/​10.​1152/​jappl​physi​ol.​01150.​2009.

	 39.	 Wu YK, Lien YH, Lin KH, Shih TTF, Wang TG, Wang HK. Relationships 
between three potentiation effects of plyometric training and perfor‑
mance. Scand J Med Sci Sports. 2010;20(1):e80–6. https://​doi.​org/​10.​
1111/j.​1600-​0838.​2009.​00908.x.

	 40.	 Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Reprint–preferred 
reporting items for systematic reviews and meta-analyses: the 
PRISMA statement. Phys Ther. 2009;89(9):873–80.

	 41.	 Maher CG, Sherrington C, Herbert RD, Moseley AM, Elkins M. Reli‑
ability of the PEDro scale for rating quality of randomized controlled 
trials. Phys Ther. 2003;83(8):713–21.

	 42.	 Stojanovic E, Ristic V, McMaster DT, Milanovic Z. Effect of plyomet‑
ric training on vertical jump performance in female athletes: a 
systematic review and meta-analysis. Sports Med. 2017;47(5):975–86. 
https://​doi.​org/​10.​1007/​s40279-​016-​0634-6.

	 43.	 McGuinness LA, Higgins JPT. Risk-of-bias VISualization (robvis): an R 
package and Shiny web app for visualizing risk-of-bias assessments. 
Res Synth Methods. 2021;12(1):55–61. https://​doi.​org/​10.​1002/​jrsm.​
1411.

	 44.	 Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsist‑
ency in meta-analyses. BMJ. 2003;327(7414):557–60. https://​doi.​org/​
10.​1136/​bmj.​327.​7414.​557.

	 45.	 Sole S, Ramirez-Campillo R, Andrade DC, Sanchez-Sanchez J. 
Plyometric jump training effects on the physical fitness of individual-
sport athletes: a systematic review with meta-analysis. PeerJ. 2021;9: 
e11004. https://​doi.​org/​10.​7717/​peerj.​11004.

	 46.	 Khan KS. Systematic reviews to support evidence -based medicine: 
how to review and apply findings of healthcare research. 2nd ed. 
London: Hodder Arnold; 2011.

	 47.	 Landis JR, Koch GG. The measurement of observer agreement for 
categorical data. Biometrics. 1977;33(1):159–74.

	 48.	 Cohen J. Statistical power analysis for the behavioural sciences. 
Hillside, New Jersey: Lawrence Erlbaum Associates; 1988.

	 49.	 Blazevich AJ, Gill ND, Bronks R, Newton RU. Training-specific muscle 
architecture adaptation after 5-wk training in athletes. Med Sci Sports 
Exerc. 2003;35(12):2013–22. https://​doi.​org/​10.​1249/​01.​Mss.​00000​
99092.​83611.​20.

	 50.	 Coratella G, Beato M, Milanese C, Longo S, Limonta E, Rampichini S, 
et al. Specific adaptations in performance and muscle architecture 
after weighted jumpsquat vs. body mass squat jump training in 
recreational soccer players. J Strength Cond Res. 2018;32(4):921–9. 
https://​doi.​org/​10.​1519/​JSC.​00000​00000​002463.

https://doi.org/10.2519/jospt.2006.2013
https://doi.org/10.1371/journal.pone.0222190
https://doi.org/10.1371/journal.pone.0222190
https://doi.org/10.1016/j.jbiomech.2015.01.012
https://doi.org/10.1152/jappl.1993.74.6.2740
https://doi.org/10.1152/jappl.1993.74.6.2740
https://doi.org/10.3389/fphys.2016.00164
https://doi.org/10.3389/fphys.2016.00164
https://doi.org/10.2165/11538500-000000000-00000
https://doi.org/10.2165/11538500-000000000-00000
https://doi.org/10.1007/s00421-011-2208-5
https://doi.org/10.1007/s00421-010-1667-4
https://doi.org/10.1016/j.jshs.2020.06.010
https://doi.org/10.1016/j.jbiomech.2005.05.011
https://doi.org/10.1002/jor.23516
https://doi.org/10.1371/journal.pone.0213347
https://doi.org/10.1177/1938640009355191
https://doi.org/10.1152/japplphysiol.00384.2005
https://doi.org/10.1519/JSC.0b013e3182651e7a
https://doi.org/10.1519/jsc.0000000000003604
https://doi.org/10.1249/mss.0b013e31813e630a
https://doi.org/10.1055/s-0033-1358674
https://doi.org/10.1055/s-0033-1358674
https://doi.org/10.1177/0363546507310073
https://doi.org/10.1088/0967-3334/28/6/002
https://doi.org/10.1111/j.1600-0838.2008.00769.x
https://doi.org/10.1111/j.1600-0838.2008.00769.x
https://doi.org/10.1016/0021-9290(94)00131-m
https://doi.org/10.1016/0021-9290(94)00131-m
https://doi.org/10.1111/j.1748-1716.1979.tb06394.x
https://doi.org/10.1007/s00421-002-0741-y
https://doi.org/10.1111/j.1600-0838.2008.00853.x
https://doi.org/10.1519/R-20235.1
https://doi.org/10.1519/R-20235.1
https://doi.org/10.1152/japplphysiol.01150.2009
https://doi.org/10.1111/j.1600-0838.2009.00908.x
https://doi.org/10.1111/j.1600-0838.2009.00908.x
https://doi.org/10.1007/s40279-016-0634-6
https://doi.org/10.1002/jrsm.1411
https://doi.org/10.1002/jrsm.1411
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.7717/peerj.11004
https://doi.org/10.1249/01.Mss.0000099092.83611.20
https://doi.org/10.1249/01.Mss.0000099092.83611.20
https://doi.org/10.1519/JSC.0000000000002463


Page 28 of 29Ramírez‑delaCruz et al. Sports Medicine - Open            (2022) 8:40 

	 51.	 Franchi MV, Monti E, Carter A, Quinlan JI, Herrod PJJ, Reeves ND, et al. 
Bouncing back! Counteracting muscle aging with plyometric muscle 
loading. Front Physiol. 2019;10:178. https://​doi.​org/​10.​3389/​fphys.​
2019.​00178.

	 52.	 Helland C, Hole E, Iversen E, Olsson MC, Seynnes O, Solberg PA, 
et al. Training strategies to improve muscle power: is olympic-style 
weightlifting relevant? Med Sci Sports Exerc. 2017;49(4):736–45. 
https://​doi.​org/​10.​1249/​MSS.​00000​00000​001145.

	 53.	 Horwath O, Paulsen G, Esping T, Seynnes O, Olsson MC. Isokinetic 
resistance training combined with eccentric overload improves 
athletic performance and induces muscle hypertrophy in young ice 
hockey players. J Sci Med Sport. 2019;22(7):821–6. https://​doi.​org/​10.​
1016/j.​jsams.​2018.​12.​017.

	 54.	 Kubo K, Ishigaki T, Ikebukuro T. Effects of plyometric and isomet‑
ric training on muscle and tendon stiffness invivo. Physiol Rep. 
2017;5(15):13.

	 55.	 Kudo S, Sato T, Miyashita T. Effect of plyometric training on the 
fascicle length of the gastrocnemius medialis muscle. J Phys Ther Sci. 
2020;32(4):277–80. https://​doi.​org/​10.​1589/​jpts.​32.​277.

	 56.	 Monti E, Franchi MV, Badiali F, Quinlan JI, Longo S, Narici MV. The time-
course of changes in muscle mass, architecture and power during 6 
weeks of plyometric training. Front Physiol. 2020;11:14. https://​doi.​org/​
10.​3389/​fphys.​2020.​00946.

	 57.	 Stien N, Strate M, Andersen V, Saeterbakken AH. Effects of overspeed or 
overload plyometric training on jump height and lifting velocity. Sports 
Med Int Open. 2020;4(2):E32–8. https://​doi.​org/​10.​1055/a-​1116-​0749.

	 58.	 Ullrich B, Pelzer T, Pfeiffer M. Neuromuscular effects to 6 weeks of 
loaded countermovement jumping with traditional and daily undulat‑
ing periodization. J Strength Cond Res. 2018;32(3):660–74. https://​doi.​
org/​10.​1519/​jsc.​00000​00000​002290.

	 59.	 Fouré A, Nordez A, Cornu C. Effects of plyometric training on passive 
stiffness of gastrocnemii muscles and Achilles tendon. Eur J Appl Phys‑
iol. 2012;112(8):2849–57. https://​doi.​org/​10.​1007/​s00421-​011-​2256-x.

	 60.	 Correa CS, LaRoche DP, Cadore EL, Reischak-Oliveira A, Bottaro M, Kruel 
LF, et al. 3 Different types of strength training in older women. Int J 
Sports Med. 2012;33(12):962–9. https://​doi.​org/​10.​1055/s-​0032-​13126​
48.

	 61.	 Kubo K, Ikebukuro T, Yata H. Effects of plyometric training on muscle-
tendon mechanical properties and behavior of fascicles during jump‑
ing. Physiol Rep. 2021;9(21):e15073. https://​doi.​org/​10.​14814/​phy2.​
15073.

	 62.	 Van der Zwaard S, Koppens TFP, Weide G, Levels K, Hofmijster MJ, 
de Koning JJ, et al. Training-induced muscle adaptations during 
competitive preparation in Elite female rowers. Front Sports Act Living. 
2021;3:781942. https://​doi.​org/​10.​3389/​fspor.​2021.​781942.

	 63.	 Hirayama K, Iwanuma S, Ikeda N, Yoshikawa A, Ema R, Kawakami Y. 
Plyometric training favors optimizing muscle-tendon behavior during 
depth jumping. Front Physiol. 2017;8:9. https://​doi.​org/​10.​3389/​fphys.​
2017.​00016.

	 64.	 Ogiso K, Miki S. Consecutive rebound jump training with electromy‑
ostimulation of the calf muscle efficiently improves jump performance. 
Transl Sports Med. 2020;3(5):454–63. https://​doi.​org/​10.​1002/​tsm2.​161.

	 65.	 Grosset JF, Piscione J, Lambertz D, Perot C. Paired changes in electro‑
mechanical delay and musculo-tendinous stiffness after endurance or 
plyometric training. Eur J Appl Physiol. 2009;105(1):131–9. https://​doi.​
org/​10.​1007/​s00421-​008-​0882-8.

	 66.	 Horiuchi M, Endo J, Sato T, Okita K. Jump training with blood 
flow restriction has no effect on jump performance. Biol Sport. 
2018;35(4):343–8. https://​doi.​org/​10.​5114/​biols​port.​2018.​78053.

	 67.	 Hunter JP, Marshall RN. Effects of power and flexibility training on verti‑
cal jump technique. Med Sci Sports Exerc. 2002;34(3):478–86. https://​
doi.​org/​10.​1097/​00005​768-​20020​3000-​00015.

	 68.	 Kijowksi KN, Capps CR, Goodman CL, Erickson TM, Knorr DP, Triplett NT, 
et al. Short-term resistance and plyometric training improves eccentric 
phase kinetics in jumping. J Strength Cond Res. 2015;29(8):2186–96. 
https://​doi.​org/​10.​1519/​jsc.​00000​00000​000904.

	 69.	 Potach DH, Katsavelis D, Karst GM, Latin RW, Stergiou N. The effects of 
a plyometric training program on the latency time of the quadriceps 
femoris and gastrocnemius short-latency responses. J Sports Med Phys 
Fit. 2009;49(1):35–43.

	 70.	 Taube W, Leukel C, Lauber B, Gollhofer A. The drop height deter‑
mines neuromuscular adaptations and changes in jump perfor‑
mance in stretch-shortening cycle training. Scand J Med Sci Sports. 
2012;22(5):671–83. https://​doi.​org/​10.​1111/j.​1600-​0838.​2011.​01293.x.

	 71.	 Zubac D, Simunic B. Skeletal muscle contraction time and tone 
decrease after 8 weeks of plyometric training. J Strength Cond Res. 
2017;31(6):1610–9. https://​doi.​org/​10.​1519/​jsc.​00000​00000​001626.

	 72.	 Duhig SJ, Bourne MN, Buhmann RL, Williams MD, Minett GM, Roberts 
LA, et al. Effect of concentric and eccentric hamstring training on sprint 
recovery, strength and muscle architecture in inexperienced athletes. J 
Sci Med Sport. 2019;22(7):769–74. https://​doi.​org/​10.​1016/j.​jsams.​2019.​
01.​010.

	 73.	 Trezise J, Blazevich AJ. Anatomical and Neuromuscular Determinants 
of Strength Change in Previously Untrained Men Following Heavy 
Strength Training. Front Physiol. 2019;10:1001. https://​doi.​org/​10.​3389/​
fphys.​2019.​01001.

	 74.	 Noorkoiv M, Nosaka K, Blazevich AJ. Neuromuscular adaptations associ‑
ated with knee joint angle-specific force change. Med Sci Sports Exerc. 
2014;46(8):1525–37. https://​doi.​org/​10.​1249/​MSS.​00000​00000​000269.

	 75.	 Blazevich AJ, Cannavan D, Coleman DR, Horne S. Influence of concen‑
tric and eccentric resistance training on architectural adaptation in 
human quadriceps muscles. J Appl Physiol (1985). 2007;103(5):1565–75. 
https://​doi.​org/​10.​1152/​jappl​physi​ol.​00578.​2007.

	 76.	 Franchi MV, Atherton PJ, Reeves ND, Fluck M, Williams J, Mitchell WK, 
et al. Architectural, functional and molecular responses to concentric 
and eccentric loading in human skeletal muscle. Acta Physiol (Oxf ). 
2014;210(3):642–54. https://​doi.​org/​10.​1111/​apha.​12225.

	 77.	 Timmins RG, Ruddy JD, Presland J, Maniar N, Shield AJ, Williams MD, 
et al. Architectural changes of the biceps femoris long head after con‑
centric or eccentric training. Med Sci Sports Exerc. 2016;48(3):499–508. 
https://​doi.​org/​10.​1249/​MSS.​00000​00000​000795.

	 78.	 Franchi MV, Reeves ND, Narici MV. Skeletal muscle remodeling in 
response to eccentric vs. concentric loading: morphological, molecular, 
and metabolic adaptations. Front Physiol. 2017;8:447. https://​doi.​org/​
10.​3389/​fphys.​2017.​00447.

	 79.	 Brockett CL, Morgan DL, Proske U. Human hamstring muscles adapt 
to eccentric exercise by changing optimum length. Med Sci Sports 
Exerc. 2001;33(5):783–90. https://​doi.​org/​10.​1097/​00005​768-​20010​
5000-​00017.

	 80.	 Narici M, Franchi M, Maganaris C. Muscle structural assembly and 
functional consequences. J Exp Biol. 2016;219(Pt 2):276–84. https://​doi.​
org/​10.​1242/​jeb.​128017.

	 81.	 Franchi MV, Atherton PJ, Maganaris CN, Narici MV. Fascicle length 
does increase in response to longitudinal resistance training and in a 
contraction-mode specific manner. Springerplus. 2016;5:94. https://​doi.​
org/​10.​1186/​s40064-​015-​1548-8.

	 82.	 Walker S, Trezise J, Haff GG, Newton RU, Hakkinen K, Blazevich AJ. 
Increased fascicle length but not patellar tendon stiffness after 
accentuated eccentric-load strength training in already-trained men. 
Eur J Appl Physiol. 2020;120(11):2371–82. https://​doi.​org/​10.​1007/​
s00421-​020-​04462-x.

	 83.	 Bosco C, Komi PV. Influence of aging on the mechanical behavior of leg 
extensor muscles. Eur J Appl Physiol Occup Physiol. 1980;45(2–3):209–
19. https://​doi.​org/​10.​1007/​BF004​21329.

	 84.	 Newton RU, Kraemer WJ, Hakkinen K. Effects of ballistic training on 
preseason preparation of elite volleyball players. Med Sci Sports 
Exerc. 1999;31(2):323–30. https://​doi.​org/​10.​1097/​00005​768-​19990​
2000-​00017.

	 85.	 Hewett TE, Stroupe AL, Nance TA, Noyes FR. Plyometric training in 
female athletes. Decreased impact forces and increased hamstring 
torques. Am J Sports Med. 1996;24(6):765–73. https://​doi.​org/​10.​1177/​
03635​46596​02400​611.

	 86.	 Fowler NE, Trzaskoma Z, Wit A, Iskra L, Lees A. The effectiveness of a 
pendulum swing for the development of leg strength and counter-
movement jump performance. J Sports Sci. 1995;13(2):101–8. https://​
doi.​org/​10.​1080/​02640​41950​87322​17.

	 87.	 Saez-Saez de Villarreal E, Requena B, Newton RU. Does plyometric train‑
ing improve strength performance? A meta-analysis. J Sci Med Sport. 
2010;13(5):513–22. https://​doi.​org/​10.​1016/j.​jsams.​2009.​08.​005.

	 88.	 Blair SN, Connelly JC. How much physical activity should we do? The 
case for moderate amounts and intensities of physical activity. Res Q 

https://doi.org/10.3389/fphys.2019.00178
https://doi.org/10.3389/fphys.2019.00178
https://doi.org/10.1249/MSS.0000000000001145
https://doi.org/10.1016/j.jsams.2018.12.017
https://doi.org/10.1016/j.jsams.2018.12.017
https://doi.org/10.1589/jpts.32.277
https://doi.org/10.3389/fphys.2020.00946
https://doi.org/10.3389/fphys.2020.00946
https://doi.org/10.1055/a-1116-0749
https://doi.org/10.1519/jsc.0000000000002290
https://doi.org/10.1519/jsc.0000000000002290
https://doi.org/10.1007/s00421-011-2256-x
https://doi.org/10.1055/s-0032-1312648
https://doi.org/10.1055/s-0032-1312648
https://doi.org/10.14814/phy2.15073
https://doi.org/10.14814/phy2.15073
https://doi.org/10.3389/fspor.2021.781942
https://doi.org/10.3389/fphys.2017.00016
https://doi.org/10.3389/fphys.2017.00016
https://doi.org/10.1002/tsm2.161
https://doi.org/10.1007/s00421-008-0882-8
https://doi.org/10.1007/s00421-008-0882-8
https://doi.org/10.5114/biolsport.2018.78053
https://doi.org/10.1097/00005768-200203000-00015
https://doi.org/10.1097/00005768-200203000-00015
https://doi.org/10.1519/jsc.0000000000000904
https://doi.org/10.1111/j.1600-0838.2011.01293.x
https://doi.org/10.1519/jsc.0000000000001626
https://doi.org/10.1016/j.jsams.2019.01.010
https://doi.org/10.1016/j.jsams.2019.01.010
https://doi.org/10.3389/fphys.2019.01001
https://doi.org/10.3389/fphys.2019.01001
https://doi.org/10.1249/MSS.0000000000000269
https://doi.org/10.1152/japplphysiol.00578.2007
https://doi.org/10.1111/apha.12225
https://doi.org/10.1249/MSS.0000000000000795
https://doi.org/10.3389/fphys.2017.00447
https://doi.org/10.3389/fphys.2017.00447
https://doi.org/10.1097/00005768-200105000-00017
https://doi.org/10.1097/00005768-200105000-00017
https://doi.org/10.1242/jeb.128017
https://doi.org/10.1242/jeb.128017
https://doi.org/10.1186/s40064-015-1548-8
https://doi.org/10.1186/s40064-015-1548-8
https://doi.org/10.1007/s00421-020-04462-x
https://doi.org/10.1007/s00421-020-04462-x
https://doi.org/10.1007/BF00421329
https://doi.org/10.1097/00005768-199902000-00017
https://doi.org/10.1097/00005768-199902000-00017
https://doi.org/10.1177/036354659602400611
https://doi.org/10.1177/036354659602400611
https://doi.org/10.1080/02640419508732217
https://doi.org/10.1080/02640419508732217
https://doi.org/10.1016/j.jsams.2009.08.005


Page 29 of 29Ramírez‑delaCruz et al. Sports Medicine - Open            (2022) 8:40 	

Exerc Sport. 1996;67(2):193–205. https://​doi.​org/​10.​1080/​02701​367.​
1996.​10607​943.

	 89.	 Aagaard P, Simonsen EB, Andersen JL, Magnusson P, Dyhre-Poulsen 
P. Increased rate of force development and neural drive of human 
skeletal muscle following resistance training. J Appl Physiol (1985). 
2002;93(4):1318–26. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00283.​2002.

	 90.	 Herrero JA, Izquierdo M, Maffiuletti NA, Garcia-Lopez J. Electromyostim‑
ulation and plyometric training effects on jumping and sprint time. Int J 
Sports Med. 2006;27(7):533–9. https://​doi.​org/​10.​1055/s-​2005-​865845.

	 91.	 Martel GF, Harmer ML, Logan JM, Parker CB. Aquatic plyometric training 
increases vertical jump in female volleyball players. Med Sci Sports Exerc. 
2005;37(10):1814–9. https://​doi.​org/​10.​1249/​01.​mss.​00001​84289.​87574.​60.

	 92.	 Cormie P, McGuigan MR, Newton RU. Influence of strength on magni‑
tude and mechanisms of adaptation to power training. Med Sci Sports 
Exerc. 2010;42(8):1566–81. https://​doi.​org/​10.​1249/​MSS.​0b013​e3181​
cf818d.

	 93.	 Cook JL, Purdam CR. Is tendon pathology a continuum? A pathology 
model to explain the clinical presentation of load-induced tendinopa‑
thy. Br J Sports Med. 2009;43(6):409–16. https://​doi.​org/​10.​1136/​bjsm.​
2008.​051193.

	 94.	 Magnusson SP, Kjaer M. Region-specific differences in Achilles tendon 
cross-sectional area in runners and non-runners. Eur J Appl Physiol. 
2003;90(5–6):549–53. https://​doi.​org/​10.​1007/​s00421-​003-​0865-8.

	 95.	 Mahieu NN, McNair P, Cools A, D’Haen C, Vandermeulen K, Witvrouw E. 
Effect of eccentric training on the plantar flexor muscle-tendon tissue 
properties. Med Sci Sports Exerc. 2008;40(1):117–23. https://​doi.​org/​10.​
1249/​mss.​0b013​e3181​599254.

	 96.	 Aura O, Komi PV. Effects of muscle fiber distribution on the mechani‑
cal efficiency of human locomotion. Int J Sports Med. 1987;8(Suppl 
1):30–7. https://​doi.​org/​10.​1055/s-​2008-​10257​01.

	 97.	 Aura O, Komi PV. Effects of prestretch intensity on mechanical efficiency 
of positive work and on elastic behavior of skeletal muscle in stretch-
shortening cycle exercise. Int J Sports Med. 1986;7(3):137–43. https://​
doi.​org/​10.​1055/s-​2008-​10257​51.

	 98.	 Asmussen E, Bonde-Petersen F, Jorgensen K. Mechano-elastic proper‑
ties of human muscles at different temperatures. Acta Physiol Scand. 
1976;96(1):83–93. https://​doi.​org/​10.​1111/j.​1748-​1716.​1976.​tb101​73.x.

	 99.	 Komi PV. Training of muscle strength and power: interaction of 
neuromotoric, hypertrophic, and mechanical factors. Int J Sports Med. 
1986;7(Suppl 1):10–5. https://​doi.​org/​10.​1055/s-​2008-​10257​96.

	100.	 Alexander RM. Elastic energy stores in running vertebrates. Am Zool. 
1984;24(1):85–94.

	101.	 Kubo K, Kanehisa H, Ito M, Fukunaga T. Effects of isometric training on 
the elasticity of human tendon structures in vivo. J Appl Physiol (1985). 
2001;91(1):26–32. https://​doi.​org/​10.​1152/​jappl.​2001.​91.1.​26.

	102.	 Arampatzis A, Karamanidis K, Albracht K. Adaptational responses of the 
human Achilles tendon by modulation of the applied cyclic strain mag‑
nitude. J Exp Biol. 2007;210(Pt 15):2743–53. https://​doi.​org/​10.​1242/​jeb.​
003814.

	103.	 Kongsgaard M, Reitelseder S, Pedersen TG, Holm L, Aagaard P, Kjaer M, 
et al. Region specific patellar tendon hypertrophy in humans following 
resistance training. Acta Physiol (Oxf ). 2007;191(2):111–21. https://​doi.​
org/​10.​1111/j.​1748-​1716.​2007.​01714.x.

	104.	 Brown ME, Mayhew JL, Boleach LW. Effect of plyometric training on 
vertical jump performance in high school basketball players. J Sports 
Med Phys Fitness. 1986;26(1):1–4.

	105.	 Brazier J, Maloney S, Bishop C, Read PJ, Turner AN. Lower extremity stiff‑
ness: considerations for testing, performance enhancement, and injury 
risk. J Strength Cond Res. 2019;33(4):1156–66. https://​doi.​org/​10.​1519/​
JSC.​00000​00000​002283.

	106.	 Ikezoe T, Asakawa Y, Fukumoto Y, Tsukagoshi R, Ichihashi N. Associations 
of muscle stiffness and thickness with muscle strength and muscle 
power in elderly women. Geriatr Gerontol Int. 2012;12(1):86–92. https://​
doi.​org/​10.​1111/j.​1447-​0594.​2011.​00735.x.

	107.	 Bobbert MF, Mackay M, Schinkelshoek D, Huijing PA, van Ingen Schenau 
GJ. Biomechanical analysis of drop and countermovement jumps. Eur J 
Appl Physiol Occup Physiol. 1986;54(6):566–73. https://​doi.​org/​10.​1007/​
BF009​43342.

	108.	 Markovic G. Does plyometric training improve vertical jump height? A 
meta-analytical review. Br J Sports Med. 2007;41(6):349–55; discussion 
55. https://​doi.​org/​10.​1136/​bjsm.​2007.​035113.

	109.	 Walsh M, Arampatzis A, Schade F, Bruggemann GP. The effect of drop 
jump starting height and contact time on power, work performed, and 
moment of force. J Strength Cond Res. 2004;18(3):561–6. https://​doi.​
org/​10.​1519/​1533-​4287(2004)​18%​3c561:​TEODJS%​3e2.0.​CO;2.

	110.	 de Villarreal ES, Kellis E, Kraemer WJ, Izquierdo M. Determining variables 
of plyometric training for improving vertical jump height performance: 
a meta-analysis. J Strength Cond Res. 2009;23(2):495–506. https://​doi.​
org/​10.​1519/​JSC.​0b013​e3181​96b7c6.

	111.	 Radnor JM, Lloyd RS, Oliver JL. Individual response to different forms 
of resistance training in school-aged boys. J Strength Cond Res. 
2017;31(3):787–97. https://​doi.​org/​10.​1519/​JSC.​00000​00000​001527.

	112.	 Bishop DJ, Girard O. Determinants of team-sport performance: implica‑
tions for altitude training by team-sport athletes. Br J Sports Med. 
2013;47(Suppl 1):i17-21. https://​doi.​org/​10.​1136/​bjspo​rts-​2013-​092950.

	113.	 Saez de Villarreal E, Requena B, Cronin JB. The effects of plyometric 
training on sprint performance: a meta-analysis. J Strength Cond Res. 
2012;26(2):575–84. https://​doi.​org/​10.​1519/​JSC.​0b013​e3182​20fd03.

	114.	 Wilson GJ, Newton RU, Murphy AJ, Humphries BJ. The optimal training 
load for the development of dynamic athletic performance. Med Sci 
Sports Exerc. 1993;25(11):1279–86.

	115.	 Witzke KA, Snow CM. Effects of plyometric jump training on bone mass 
in adolescent girls. Med Sci Sports Exerc. 2000;32(6):1051–7. https://​doi.​
org/​10.​1097/​00005​768-​20000​6000-​00003.

	116.	 Behm DG, Young JD, Whitten JHD, Reid JC, Quigley PJ, Low J, et al. Effec‑
tiveness of traditional strength vs. power training on muscle strength, 
power and speed with youth: a systematic review and meta-analysis. 
Front Physiol. 2017;8:423. https://​doi.​org/​10.​3389/​fphys.​2017.​00423.

	117.	 Moran JJ, Sandercock GR, Ramirez-Campillo R, Meylan CM, Collison JA, 
Parry DA. Age-related variation in male youth athletes’ countermove‑
ment jump after plyometric training: a meta-analysis of controlled trials. 
J Strength Cond Res. 2017;31(2):552–65. https://​doi.​org/​10.​1519/​JSC.​
00000​00000​001444.

	118.	 Peitz M, Behringer M, Granacher U. A systematic review on the effects 
of resistance and plyometric training on physical fitness in youth- What 
do comparative studies tell us? PLoS ONE. 2018;13(10): e0205525. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​02055​25.

	119.	 Ford HT Jr, Puckett JR, Drummond JP, Sawyer K, Gantt K, Fussell C. 
Effects of three combinations of plyometric and weight training 
programs on selected physical fitness test items. Percept Mot Skills. 
1983;56(3):919–22. https://​doi.​org/​10.​2466/​pms.​1983.​56.3.​919.

	120.	 Saez de Villarreal E, Requena B, Izquierdo M, Gonzalez-Badillo JJ. 
Enhancing sprint and strength performance: combined versus maximal 
power, traditional heavy-resistance and plyometric training. J Sci Med 
Sport. 2013;16(2):146–50. https://​doi.​org/​10.​1016/j.​jsams.​2012.​05.​007.

	121.	 Hoffrén-Mikkola M, Ishikawa M, Rantalainen T, Avela J, Komi PV. Neuro‑
muscular mechanics and hopping training in elderly. Eur J Appl Physiol. 
2015;115(5):863–77. https://​doi.​org/​10.​1007/​s00421-​014-​3065-9.

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

https://doi.org/10.1080/02701367.1996.10607943
https://doi.org/10.1080/02701367.1996.10607943
https://doi.org/10.1152/japplphysiol.00283.2002
https://doi.org/10.1055/s-2005-865845
https://doi.org/10.1249/01.mss.0000184289.87574.60
https://doi.org/10.1249/MSS.0b013e3181cf818d
https://doi.org/10.1249/MSS.0b013e3181cf818d
https://doi.org/10.1136/bjsm.2008.051193
https://doi.org/10.1136/bjsm.2008.051193
https://doi.org/10.1007/s00421-003-0865-8
https://doi.org/10.1249/mss.0b013e3181599254
https://doi.org/10.1249/mss.0b013e3181599254
https://doi.org/10.1055/s-2008-1025701
https://doi.org/10.1055/s-2008-1025751
https://doi.org/10.1055/s-2008-1025751
https://doi.org/10.1111/j.1748-1716.1976.tb10173.x
https://doi.org/10.1055/s-2008-1025796
https://doi.org/10.1152/jappl.2001.91.1.26
https://doi.org/10.1242/jeb.003814
https://doi.org/10.1242/jeb.003814
https://doi.org/10.1111/j.1748-1716.2007.01714.x
https://doi.org/10.1111/j.1748-1716.2007.01714.x
https://doi.org/10.1519/JSC.0000000000002283
https://doi.org/10.1519/JSC.0000000000002283
https://doi.org/10.1111/j.1447-0594.2011.00735.x
https://doi.org/10.1111/j.1447-0594.2011.00735.x
https://doi.org/10.1007/BF00943342
https://doi.org/10.1007/BF00943342
https://doi.org/10.1136/bjsm.2007.035113
https://doi.org/10.1519/1533-4287(2004)18%3c561:TEODJS%3e2.0.CO;2
https://doi.org/10.1519/1533-4287(2004)18%3c561:TEODJS%3e2.0.CO;2
https://doi.org/10.1519/JSC.0b013e318196b7c6
https://doi.org/10.1519/JSC.0b013e318196b7c6
https://doi.org/10.1519/JSC.0000000000001527
https://doi.org/10.1136/bjsports-2013-092950
https://doi.org/10.1519/JSC.0b013e318220fd03
https://doi.org/10.1097/00005768-200006000-00003
https://doi.org/10.1097/00005768-200006000-00003
https://doi.org/10.3389/fphys.2017.00423
https://doi.org/10.1519/JSC.0000000000001444
https://doi.org/10.1519/JSC.0000000000001444
https://doi.org/10.1371/journal.pone.0205525
https://doi.org/10.2466/pms.1983.56.3.919
https://doi.org/10.1016/j.jsams.2012.05.007
https://doi.org/10.1007/s00421-014-3065-9

	Effects of Plyometric Training on Lower Body Muscle Architecture, Tendon Structure, Stiffness and Physical Performance: A Systematic Review and Meta-analysis
	Abstract 
	Background: 
	Objective: 
	Methods: 
	Results: 
	Conclusion: 

	Key Points
	Introduction
	Methods
	Study Design and Registration
	Search Strategy and Study Selection
	Eligibility Criteria
	Methodological Quality Assessment
	Data Extraction
	Statistical Analyses

	Results
	Study Selection
	Methodological Quality Assessment
	Meta-analysis Results
	Effects of Plyometric Training on Muscle Architecture
	Effects of Plyometric Training on Tendon Structure
	Effects of Plyometric Training on Muscle and Tendon Stiffness
	Effects of Plyometric Training on Lower Body Physical Performance


	Discussion
	Effects of Plyometric Training on Muscle Architecture
	Effects of Plyometric Training on Tendon Structure
	Effects of Plyometric Training on Muscle and Tendon Stiffness
	Effects of Plyometric Training on Lower Body Physical Performance
	Study Limitations

	Conclusion
	Practical Applications

	References


