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Abstract

Background Strength and conditioning (S&C) interventions comprising methods such as
resistance, sprint and plyometrics are used to enhance athleticism and sports performance. The
effectiveness of interventions can be evaluated using effect sizes calculated from physical
outcomes and then compared to threshold values. The purpose of this large meta-analysis was to

identify threshold values specific to S&C and assess factors that influence effect size distributions.

Methods An online database and hand search of published and unpublished S&C intervention
studies from the 1950’s onwards was conducted. Interventions were categorized as the following:
resistance, combined, plyometric, ballistic, sprint, isokinetic, concurrent, or agility. Pre- and post-
intervention data comprising means and standard deviations were extracted from outcomes
categorized as: maximum strength, power, explosiveness, jump, sprint, or agility. Study and
participant data including intervention length, gender and training status (untrained, recreationally
trained and highly trained) were also extracted. Standardised mean difference effect sizes (SMDypx)
were calculated and modelled with 4-level Bayesian hierarchical meta-analysis models using 0.25-,

0.5-, and 0.75-quantiles to determine small, medium, and large threshold values, respectively.

Results Data from 679 studies comprising 8904 effect sizes were included in the analyses.
Threshold values obtained across the entire data were: small - 0.12 [95%CrtI: 0.11 to 0.14]; medium
- 0.43 [95%Crl: 0.42 to 0.45]; and large - 0.78 [95%Crl: 0.77 to 0.80]. Effect size distributions were
shown to be shifted to higher values for longer duration interventions comprising maximum
strength outcomes, untrained participants, females, and higher specificity coupling between
training method and outcomes. Results from analyses were synthesised to provide updated

threshold values to interpret effectiveness.

Conclusions The effectiveness of S&C interventions are influenced by a range of factors creating

systematic shifts in SMDy. values. It is recommended that researchers and practitioners use the


https://doi.org/10.31236/osf.io/y7sk6

D0i:10.51224/SRXIV.9 | SportRyiv Preprint version 1

S&C specific threshold values presented instead of Cohen’s generic values, with scope provided

for adjustment based on relevant factors.

Key Words: S&C; evaluation; effect size; Bayesian; specificity; training
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1.0 Introduction

Strength and conditioning (S&C) is now a well-established discipline within sport and exercise
science comprising a range of contemporary training methods and practices (1, 2). Much of the
popularity of S&C originates from the perspective that muscular strength is of primary importance
in athletic and sports performance and can be developed extensively with relatively limited time
and cost (3, 4). Additionally, related factors including mechanical power and rate of force
development are considered among the most important trainable factors for athletes (3). Research
investigating training methods such as resistance, sprint and plyometrics has experienced rapid
growth since the late 1990s (5, 6) where a key focus includes identifying the best regimes to
improve different aspects of fitness. Intervention studies generally select surrogate parameters
such as maximum repetition testing, sprinting, jumping and change of direction tasks to link
training adaptations to aspects of fitness relevant to sports performance and common athletic tasks
(7). An extensive research base has also emerged demonstrating strong associations between
kinetic outputs and athletic tasks (8-12) including jumping, sprinting and change of direction where
it is believed that the ability to perform these movements effectively may determine the outcome

of important events during competition (3).

A primary aim of S&C research is to identify training methods that maximise transference of
adaptations to sporting outcomes and tasks (13). It is generally accepted that the magnitude of
transference and long-term performance adaptations are dependent primarily on the training
principles of specificity and overload, respectively (14, 15). Specificity is often contextualised in
the kinematic and kinetic similarities between the S&C training and the targeted sporting outcomes
and actions (16, 17). For example, heavy resistance training comprising squat exercises may be
considered moderately specific to vertical jumping but non-specific to the maximum velocity phase

of sprinting. It has been identified that the principles of overload and specificity can be conflicting,


https://doi.org/10.31236/osf.io/y7sk6

D0i:10.51224/SRXIV.9 | SportRyiv Preprint version 1

where the greater the overload applied to an exercise the lower the specificity and vice versa (17).
Various transference models have been developed and have been reviewed previously, with
attempts to carefully balance overload and specificity (13, 14). Most models developed by
practitioners have been theoretical in nature, however, researchers in S&C have primarily focused
on empirical models quantifying correlations of kinematic and kinetic parameters between
exercises and sporting movements and their proxies (18-21). Although, this type of observational
research may provide some value in identifying possible best training practices, it does not establish
causality, and correlations are sensitive to multiple methodological factors including sample size
and heterogeneity, training status, exercise and load selection, test and mechanical variable
selection and equipment used for data collection (19, 22, 23). In contrast, longitudinal research
comparing different training interventions ranked according to the degree of specificity provides
one of the best means of assessing the overall influence of specificity (24-28). A challenge in
integrating the findings of longitudinal research within a general framework includes the potential
for idiosyncratic findings based on experimental choices of individual studies. Findings may be
influenced by a range of moderating factors including the study population, the length of
intervention, the outcomes assessed, the training regimes manipulated, and the kinematic and
kinetic parameters manipulated to alter the degree of specificity. Given the range of factors that
could influence results, evidence synthesis approaches including meta-analysis may provide the
most effective means to establish the importance of specificity and whether the phenomena is

consistent across factors such as training methods (e.g. resistance, sprint, power and agility).

Evidence synthesis and the use of meta-analysis to objectively quantify general phenomena across
an extensive range of studies is common in S&C, and has been influenced by the seminal research
of Rhea and colleagues (29-34). Incorporating data from 140 studies Rhea et al. (29) investigated

the dose-response relationship for developing maximum strength. Subsequent meta-analyses
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analyses were conducted on the dose-response relationship of athletes only (32), the comparison
of single versus multiple sets (33), and periodized versus non-periodized training (34). Collectively,
Rhea and colleagues across their meta-analyses synthesised results from approximately 400
individual studies (30). In addition to addressing specific research questions in S&C, the large
syntheses provided a means of interpreting the practical significance of intervention effects. Rhea
and colleagues (29, 31) performed their meta-analyses using the pre-standardised mean difference
(SMD,,..), dividing the mean change by the pre-intervention standard deviation. This statistic has
become the most common effect size reported across sport and exercise science and comprises
several conceptual advantages (35). The effect size is dimensionless and enables the synthesis of
outcomes reported across different units and scales (e.g. vertical jump power in thousands of
Watts, and vertical jump height in tens of centimetres). However, the major advantage of the
SMD,.. is that it describes how future individuals performing the intervention should be expected

to change in an outcome variable relative to the sampled population.

To summarise the practical significance of an intervention it is common to categorize SMD.
values using qualitative labels such as “small”, “medium” and “large”. The standard terminology
and threshold values used to demarcate these levels were proposed by Cohen (36) in the context
of behavioural and social sciences. However, given Cohen himself acknowledged his thresholds
were somewhat arbitrary (30), research has been conducted across various scientific disciplines to
update these thresholds and enable more precise interpretations of intervention effects (37-42).
Results have generally demonstrated substantive differences between Cohen’s thresholds and
those derived empirically, with examples of both under- (43) but predominantly over-estimation
(37, 38) of thresholds. In addition, research has shown that even within a single discipline,
substantive differences in the distribution of effect sizes can exist across sub-domains (44). Using

almost 3000 effect sizes obtained from approximately 400 studies, Rhea (30) produced threshold


https://doi.org/10.31236/osf.io/y7sk6

D0i:10.51224/SRXIV.9 | SportRyiv Preprint version 1

values specific to strength training research and concluded that Cohen’s (36) thresholds were not
appropriate and effect sizes from strength training research tended to be much larger. Whilst the
updated threshold values presented by Rhea (30) showed variation between untrained and
recreationally trained individuals, the threshold values for highly trained individuals were similar
to those originally proposed by Cohen (36). In contrast to recent attempts to create discipline
specific thresholds, Rhea (30) did not clearly describe the methods used to obtain the context
specific thresholds and only reported the mean SMD,,.. value. Additionally, the statistical methods
available to synthesise research findings including outlier detection, use of multi-level models to
combine multiple outcomes from individual studies and use of flexible models to estimate beyond
the mean and describe the underlying effect distribution (e.g. through various quantiles), have
developed substantively since Rhea and colleagues (29-34) seminal work. Therefore, the purpose
of this study was to update existing guidelines deriving threshold values to interpret the
effectiveness of a range of contemporary outcomes and training methods in S&C. By including
modern statistical methods more precise descriptions of the distribution of intervention effects
can be presented and address the extent to which values are influenced by a range of factors
including the training method (e.g. resistance, plyometric and sprint), the outcome type (e.g.
maximum strength, power, explosiveness and jump performance), training status, gender and
intervention duration. Finally, the importance of specificity was also assessed by determining
whether SMD,,.. values were greater when the training method and outcome type were identified
as being specific (e.g. plyometric and vertical jump) compared with non-specific (e.g. plyometric

and maximum strength).
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2.0 Methods

2.1 Search strategy

A search was performed for published and unpublished studies in the English language that
included S&C interventions conducted prior to January 2018. The search was performed using
Embase, Medline, Web of Science, Sport Discus and Google Scholar. Hand searching of relevant
journals including Medicine and Science in Sports and Exercise, the Journal of Strength and
Conditioning Research, and Research Quarterly was also conducted. Database search terms were
included to identify various training modes, longitudinal interventions, and a range of outcome
measures. The following keywords and phrases were combined with Boolean operators; “strength”
OR “resistance” OR “sprint” OR “plyometric” OR “exercise” AND “intervention” OR “training”
OR “program” OR “programme” AND “1RM” OR “repetition maximum” OR “speed” OR
“velocity” OR “power” OR “jump” OR “change of direction” OR “agility” OR “acceleration”

OR “rate of force development”. No restriction was placed on the date of the study.

2.2 Inclusion criteria

Inclusion and exclusion criteria for the current meta-analysis were kept concise in attempts to
include as many relevant S&C training interventions and dependent variables as possible. Inclusion
criteria comprised: 1) any intervention-based study = 4 weeks; 2) healthy trained or untrained
participants with a mean age between 14 and 60; 3) intervention group with a minimum of 4
participants; 4) pre and post intervention means and standard deviations; and 5) sufficient
information provided to appropriately categorize the training method (identified in section 2.3).
Studies comprising interventions that were predominantly aerobic-based or rehabilitation focused

were excluded.
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2.3 Study selection and data extraction

Following deduplication, a three-level selection process comprising title, then abstract then full-
text screening was completed. Studies were screened and selected for inclusion independently by
AM with discussions with PS and KB where required. A standardised extraction codebook was
developed using Microsoft Excel, with data extracted and coded independently by four researchers
(AM, JP, AH, LG) in duplicate with AM completing extraction for all studies to provide
consistency. The following data were extracted: 1) study details (authors, year, total number of
groups, and control type); 2) participant characteristics (final study n, gender, training status, and
age); 3) outcome type (maximum strength, power, explosiveness, jump performance, sprinting
performance, and agility performance); 4) training characteristics (intervention duration, training
method: resistance, combined, plyometric, ballistic, sprint, isokinetic, concurrent, and agility); and

5) pre and post intervention means and standard deviations.

The following definitions were used to categorize outcome types: 1) maximum strength: a measure
of maximum force production where time was not limited (e.g. 1-6 repetition maximum, isomettic
mid-thigh pull, peak torque); 2) power: a direct measurement of power output measured in Watts
(absolute and normalised relative to body mass); 3) explosiveness: a measure of force or velocity
where time was restricted (e.g. rate of force development, time to peak force, impulse); 4) jump
performance: a measure of jump height or distance; 5) sprint performance: a measurement of the
time to complete a specified linear distance or the velocity achieved; and 6) agility performance: a
measurement of the time to complete a change of direction or reactive task. Categorisation of
training methods were based on the dominant mode, however, where training volume in a non-
dominant mode approached or exceeded approximately 20% of the total volume, the intervention
was then categorized as combined (e.g. an intervention combining resistance and plyometrics).

Interventions comprising aerobic activity as the non-dominant mode accounting for
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approximately 20% or more of total training volume were categorized as concurrent. Training
status was categorized using definitions previously set by Rhea (30) based on S&C training
experience: untrained (<1 year); recreationally trained (1-5 years); highly trained (>5 years). Where
pre-post intervention data were not presented in text but in figures, data were extracted using

PlotDigitizer 2.6.8 Windows.

2.4 Statistical analysis

A Bayesian framework was chosen over frequentist methods to provide a more flexible modelling
approach and enable results to be interpreted intuitively through reporting of subjective
probabilities (45). Effect sizes and their sampling variance were calculated using group mean and
standard deviation values calculated pre-intervention and at any subsequent time-point. SMDy.
was calculated by dividing the relevant mean difference by the pre-intervention standard deviation.
The sampling variance o2 (SMDpre) of the effect size (46) was calculated with the following

formula:

SMD3r¢

n—-1
0 (SMDyre) = 2= (2(1 = 7) + nSMD) — ==

where n is the sample size, 7 is the cotrelation between repeated measures, and c(n — 1) is the
. . . . 3 .
bias function which was approximated by 1 — v (47). To account for the small sample sizes

generally used in S&C, a bias correction was applied to the effect size and sampling variance by
multiplying by the approximated bias function and its square, respectively. To account for
uncertainty in 62 due to non-reporting of , the values were allowed to vary and were estimated
by including an informative Gaussian prior approximating correlation values centred on 0.7 and
ranging from 0.5 to 0.9. All meta-analyses were conducted using a nested four-level mixed effects

meta-analytic model. The series of nestings included the individual study (level 4), the outcome
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(Ievel 3), the measurement occasion (level 2) and the sampling variance (level 1). The meta-analysis

model (null model) describing the average effect and variance across each level can be expressed

as:

Levell: dijx = Boijk + €ijk eijk~N(0,02)
Level2: Boijk = Nojk + Tijir Tijk~N(0,07)
Level3: ngjx = ok + Ugjk, ugj~N(0,07)
Level4: 8o, = yo + Vo, vor~N(0,0%)
To give

dijk = Yo + Vor + Ugji + Tiji T+ €iji

where d;jy is the observed effect size at measurement occasion i (i = 1,2, ..., [j), from outcome
J U =12, ..,Jk) and from study k (k = 1,2, ..., K). The indexing [j denotes that the number
of measurement occasions may vary across outcomes and studies, and [ denotes the number of
outcomes may vary across studies. The random effects across the different levels
(Vok» Uo ks Tijikr €ijk) Were assumed to be independent such that the variance of an observed effect
size was 0 (dl- jk) = 07 + 0} + 0% + 0Z. The null model states that the underlying true population
average effect size is ¥, and for each study the average effect size will equal 8y, and due to the
use of a normal distribution, the value for most studies will lie in the interval ¥, + 20%. The true
effect sizes for different outcomes within studies, and across measurement occasions within
outcomes can then move further from By, based on the magnitude of the variances 02 and .

If we consider two observations d;jk, disjik, then the covariance of these are

cov(dyjx, dyr jryr) = covWor, Voyr) + cov (U jie, Uojikr) + OV (Tije Tarjuir) + cOV(€yjie, €51 j13r)-
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Which is equal to 0 + 02 + 0 (fori =i',j =j', k =k'), 02 + of (fori #1i',j=j" k =k"),

and o7 (for i #1i',j # j',k = k). Fitting of the null model also enabled calculation of the

oy

variance partition coefficients (VPCs), such that the study level VPC is outcome

o2+0i+0?+0?’

2

. of . .
level VPC is w—————=—, measurement occasion level VPC is ——————, and observed effect
oy +0L+af+ag o5 +04+0f+0;

ot

aé

VPC is > . Addition of the VPCs can be used to estimate the expected (population)

2 2 2
oy, +o,toy+o;

correlation between two randomly chosen elements within the same nesting structure (48).

To quantify small, medium, and large threshold values, parameters from the respective meta-
analysis model were used to generate posterior predictions and the 0.25-, 0.5-, and 0.75-quantiles
calculated, respectively. Weakly informative Student-t prior and half-t priors with 3 degrees of
freedom and scale parameter equal to 2.5 were used for intercept and variance parameters (49).
Inferences from all analyses were performed on posterior samples generated using the
Hamiltonian Markov Chain Monte Catlo method. Interpretations were based on the median value
(SMDyre0.5: 0.5-quantile), credible intervals (Crls) and calculation of probabilities using the posterior
sample. It was determined a priori to assess the influence of training method, outcome type,
training status, gender and intervention duration on effect size and threshold values. This was
achieved by subset analysis for training method and outcome type, and meta-regressions for
training status, gender and intervention duration. Meta-regressions were presented by selecting
one level of the factor as a reference to make comparisons with the median and 95% CtI given
(Breference:Comparison = Median [95%Crl: lower bound to upper bound], such that f >0
indicates an increased effect of the comparison relative to the reference). The initial meta-analysis
model combining the entire data set was fit with a normal distribution, a skew normal distribution,

and a t-distribution. No substantive improvements in model fit were obtained with the skew
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normal or t-distributions based on Watanabe-Akaike information criterion. Consequently, a
normal distribution was used throughout all analyses which were performed using the R wrapper
package brms interfaced with Stan to perform sampling (50). Outlier SMD,,.. values were identified
by adjusting the distribution by a Tukey g-and-h distribution and obtaining the 0.0035- and
0.9965-quantiles, with values beyond these points removed prior to further analysis (51).
Convergence of parameter estimates were obtained for all models with Gelman-Rubin R-hat

values below 1.1 (52).
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3.0 Results

The search strategy returned 110,662 records which reduced to 2108 studies following
deduplication and title screening. Following abstract screening this reduced to 973, and 706
following full-text screening. A total of 679 studies featured the required data to be included in the
meta-analysis, generating a total of 8904 effect sizes. Most studies comprised untrained participants
(n=407, 60.0%), followed by recreationally trained (n=226, 33.4%) then highly trained (n=45,
6.6%). Comparison of gender identified that most studies were comprised solely of males (n=454,
66.8%), followed by a similar number of studies comprising both males and females (n=116,

17.1%), and then females only (n=109, 16.1%).

Information describing the distribution of study characteristics are presented in table 1. Most
interventions lasted between 6 and 12 weeks, with 25 studies (3.7%) including interventions longer
than 25 weeks, and 14 studies including interventions longer than 52 weeks (2.1%). The median
number of outcomes extracted from studies was 4 with interquartile range (IQR): 2-7. The median
number of groups included in studies was 2 with IQR: 2-3. The most common training method
and outcome type was standard resistance training and maximum strength, respectively (Table 1).
The next most common training method was combined training, with many studies including
resistance with other training modes. Following maximum strength, the most common outcome
type measured was jump performance (Table 1). Interrelationships between training methods and
outcome types were identified with a high degree of specificity between the variables (Figure 1).
This was demonstrated for maximum strength outcomes which were measured most (~50%) in
studies that comprised standard resistance or isokinetic interventions, whereas, sprint and agility
outcomes were measured most in studies comprising sprint or agility-based interventions,

respectively.
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A total of 103 outliers were removed from the analysis with a lower bound threshold of -1.55 (40
effect sizes below) and an upper bound threshold of 6.5 (63 effect sizes above). Direct calculation
of the mean, 0.25- (small), 0.5- (medium), and 0.75-quantiles (large) from the complete empirical
data returned the following SMDy. values: 0.62, 0.16, 0.46 and 0.806, respectively. Based on
shrinkage from application of the meta-analysis model and borrowing of information across
studies and outcomes, the pooled mean estimate was reduced to SMDy:05=0.52 [95%Cr1: 0.49 to
0.54] and the quantile values reduced to: 0.25-quantileos = 0.12 [95%CrI: 0.11 to 0.14]; 0.5-
quantileps = 0.43 [95%CrI: 0.42 to 0.45]; and 0.75-quantiles = 0.78 [95%Crl: 0.77 to 0.80]. The

four-level variance parameters were 0 =0.29 [75%Ctl: 0.15 to 0.81]; gy, . =0.14 [75%CrL: 0.13

t0 0.15]; 0y, . =0.26 [75%Crl: 0.25 to 0.27]; and 0y, =0.33 [75%CrlL: 031 to 0.35].

Separate meta-analysis models were conducted for each outcome type (figure 2) and each training
method (Table 2). The largest threshold values were obtained for strength and agility outcomes,
with substantively lower values obtained for explosiveness and sprint outcomes. A similar pattern
was identified for effect size distributions across training methods, with the largest threshold values
obtained for standard resistance and isokinetic interventions, and the lowest values obtained for
ballistic and sprint interventions. For both sets of variables, differences in SMDy. values for
strength and sprint were approximately 0.2 to 0.3 (e.g. best estimates for strength vs sprint
outcomes - small: 0.23 vs. 0.02; medium: 0.58 vs 0.24; and large: 0.99 vs 0.56. Best estimates for
resistance vs sprint interventions - small: 0.14 vs. -0.04; medium: 0.48 vs 0.21; and large: 0.87 vs
0.48). An effect size distribution between that obtained for standard resistance and sprint
interventions was obtained for a range of diverse training practices categorized as other. Example
training practices in this categorization included sustained efforts with unconventional equipment,

intermittent circuit style training, sensorimotor training and core stability interventions.
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To assess whether effect sizes were altered by training status, intervention duration and gender,
meta-regressions were performed controlling for outcome and training method based on the
previous analyses establishing their influence. A rank order-effect of training status was identified
with the largest pooled mean effect size obtained for untrained participants, followed by

recreationally trained and then highly trained (B, rained:Recreationalo.s —-0-04 [9570CtI: -0.10 to

0.02], probability less than 0 = -0.15 [95%C+I: -0.26 to -0.05],

0.920; ﬁUntrained:TrainedO.SZ

probability less than 0 = 0.998). A similar rank order-effect was identified for intervention duration
with the largest pooled mean effect size obtained for interventions longer than 10 weeks, followed
by interventions between 06-10 weeks and then interventions less than 6 weeks

(B —gwecks6-10weeksns =019 [95%CtL: 0.15 to 0.22], probability greater than 0 > 0.999;

B coweeks:>10weekso.s—0-29 [957CrL: 0.25 to 0.33], probability greater than 0 > 0.999). An effect

was also identified for gender, with females showing greater pooled mean SMDy. values than

males (Bpormatemateo s =-0-09 [95%CtlL: -0.10 to -0.00], probability less than 0 = 0.976).

To assess the effects of specificity on threshold values, meta-analyses were conducted comparing
values obtained for matching training method and outcome type (resistance training and maximum
strength; plyometric training and jump performance; agility training and agility performance; sprint
training and sprint performance) with values obtained for unmatched combinations (Figure 3).
Consistent and substantive differences were identified, with all analyses demonstrating greater
effect sizes where specificity was included through matching of intervention and outcomes, with
most effect sizes increasing by approximately 0.2 when moving from non-specific to specific

combinations (mean difference: 0.23; standard deviation of difference: 0.10).
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To facilitate use of meta-analytic results obtained across the present study and guide future
interpretations of the effectiveness of S&C interventions, an overall summary expressed in terms
of clustered outcomes is presented (Figure 4). Ranges are provided for small, medium and large
thresholds, with researchers and practitioners able to select appropriate values based on

moderating factors such as intervention length, training status, gender and specificity.
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4.0 Discussion

The present study comprises one of the largest meta-analyses in sport and exercise science and the
largest synthesis of contemporary S&C interventions to date. The analyses show that relatively
short-duration S&C interventions can create improvements across a range of outcomes such that
individuals can expect to progress substantively relative to their respective population from pre-
to post-intervention. The results, however, show that this expected progress is influenced by a
range of factors including primarily the outcome assessed, the training method and the specificity
between these two factors. Effect size distributions were shifted towards higher values for
resistance training and maximum strength outcomes, whereas distributions were shifted towards
substantively lower values for sprint interventions and outcomes. Specificity and the matching of
training methods and outcomes was found to consistently improve the success of interventions
with typical increases in SMDy,. values of approximately 0.20 compared to low specificity coupling.
Across the entire research base, Cohen’s generic threshold values (0.2 = small, 0.5 = medium, 0.8
= large) were broadly in line with the values obtained from the meta-analysis presented in the
current study. However, based on large potential differences in effect size distribution caused by
factors such as outcome type, training method and specificity, it is suggested that context relevant
threshold values are required to appropriately interpret the effectiveness of S&C interventions.
The results of the present study have been synthesised to provide practical context relevant
thresholds with ranges provided for researchers and practitioners to select appropriate values
based on the specifics of the intervention evaluated (e.g. the training status and gender of the

participants, and the specificity of the training and outcomes evaluated).

The extensive literature base included in this meta-analysis provides the most comprehensive
overview of S&C interventions to date. The analysis shows that the majority (60-70%) of studies

comprise intervention durations of 8 weeks or less, typically comprising two groups of 4 to 12
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participants. Additionally, most interventions recruit untrained (60%) or recreationally trained
(33%) individuals, with standard resistance training comprising the most frequently investigated
training method. The limitation of focusing on short duration interventions with untrained
participants has been identified previously (53). It has been argued that untrained individuals can
make substantive improvements across a range of outcomes whilst engaging in relatively inefficient
training interventions due to improvements in factors such as motor skills rather than structural
ot physiological adaptations (53-55). The results of the present analysis provided support for this
perspective and showed a rank-order effect with the largest improvements across all outcomes
obtained by untrained participants, followed by recreationally trained and then highly trained
participants. It was estimated that untrained participants may be expected to experience an
additional 0.15 SMD,,. increase compared with highly trained participants. Additionally, the results
of the present meta-analysis showed a rank order effect with greater effect sizes expected for longer
duration interventions, but that these differences were likely to slow. This pattern has been
demonstrated in individual studies comprising intermediate and post interventions assessments
over longer time periods (55). Contributing factors to the prevalence of short-term studies with
lesser-trained individuals likely include the high cost (financial and time) of long duration
interventions and challenges recruiting highly trained participants including lack of access and trust

(56).

The results of the meta-analysis consistently demonstrated that the largest effects were obtained
for resistance training methods and maximum strength outcomes. When restricted to the subset
analysis of maximum strength outcomes, the threshold values were: small (0.23 [95% CrI: 0.21 to
0.26]), medium (0.58 [95% CrI: 0.56 to 0.60]), and large (0.99 [95% CtI: 0.96 to 1.02]); and when
restricted to standard resistance training the threshold values were: small (0.14 [95% CrI: 0.12 to

0.17]), medium (0.48 [95% CrI: 0.46 to 0.51]), and large (0.87 [95% CtI: 0.85 to 0.90]). The
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adjustment in distribution compared to other training methods and outcomes is likely explained
by several factors. Resistance training represented the largest proportion of interventions (35.5%)
included in the analysis and due to the long history of study is the most well understood and
developed training method in S&C. Greater effect sizes are likely to reflect this increased
refinement and specificity linking traditional resistance training methods and maximum strength
outcomes. In addition, researchers generally test maximum strength using the same exercises
included in the training intervention, maximizing specificity and the improvements measured
during the intervention (57). Of all training methods investigated, the largest effect sizes were
obtained for isokinetic interventions with the mean SMD,,. value estimated to be 0.63 [95% CrI:
0.48 to 0.79], and the large threshold value estimated as 1.0 [95% Crl: 0.92 to 1.1]. Isokinetic
dynamometers provide a unique mechanical stimulus with participants able to contract skeletal
muscles with near-maximum or maximum effort across a range of velocities (58). Similar to
standard resistance training interventions, researchers frequently use the same testing movements
as featured throughout the training and also match velocities which research has identified as an
important aspect of specificity (59). However, studies have also demonstrated that adaptations
obtained during isokinetic interventions effectively transfer to standard maximum strength tests
(58), albeit standard tests across all training methods tend to exhibit larger increases than isokinetic

tests (60).

Following maximum strength, the outcome type generating the largest SMD,. values was agility.
Outcomes measuring agility and the related construct of change of direction speed represent a
developing area within S&C (61, 62). A range of factors are thought to contribute to performance
in agility and change of direction tasks including pattern recognition and reactive strength (61).
Whilst reasons for the shifted effect size distribution in comparison to other outcomes requires

further study, potential explanations include the complex multifaceted nature of the tasks and the
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scope for multiple limiting factors to be addressed. Additionally, it is recognised that many agility
and change of direction tasks include substantive skill elements (62), such that failure to
appropriately familiarize participants could lead to large systematic biases with regards to learning

effects and subsequent overestimations of effect sizes.

In contrast to the upward shifted effect size distributions for strength and agility, the outcomes of
explosiveness and sprint were shifted in the opposite direction with the small threshold close to a
null improvement (explosiveness: -0.04 [95% Crl: -0.06 to -0.01; sprint: 0.05 [95% CtI: 0.04 to
0.08]). Previous research has demonstrated that more experienced and stronger individuals are able
to express higher levels of force during time restricted tasks (3, 63). Whilst the present study
demonstrated that short duration interventions can create relatively large improvements in
maximum strength, it is possible that the ability to express this increased force production in tasks
under restricted time is limited by factors such as the levels of neural drive (discharge rate and MU
synchronisation), muscle fibre composition (type I versus type II/type IIx), connective tissue
adaptions (musculotendinous stiffness) and intra and inter-muscular coordination (3, 64, 65).
Additionally, one of the key results of the present study was the strong effect of specificity on
SMD,. values. Most studies included in the present review featured traditional resistance training
where muscular actions occur over long durations. Given the low kinetic similarity between the
most common training mode and explosiveness outcomes, this lack of specificity may partly
explain the shift in effect size distributions. An additional explanation for the shifted distribution
may include limitations in the testing process. An extensive range of tests and measurements
procedures are used in S&C to obtain explosiveness outcomes with no precise definitions available.
Instead, it has been noted that the explosiveness outcome categorization focusses on imprecise
communication used to describe the general quality and overall effort required in the testing

movements (60). In the present meta-analysis, all force and velocity measurements made under
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restricted time were classified as explosiveness, including: rate of force development (RFD), rate
of velocity development, rate of torque development, time to peak force, peak force at varying
time points, RFD at varying time points, mean and peak velocity with and without load and
impulse. However, the general lack of clarity regarding the construct and the extensive range of
measurements and associated data processing approaches that are used may have influenced the
results obtained. It is possible that subsets of these measurements comprise effect size
distributions closer to strength and power outcomes but when assessed as a whole were diluted.
Despite its common use in S&C, the term explosiveness has been criticised by its imprecision (67)
with recommendations that more consistent and precise constructs such as RFD be used.
However, even with RFD there are concerns regarding varying levels of reliability, dependent on
the specific test and metric measured (e.g. average RFD, maximal RFD, RFD at varying time
points) (65, 66, 68, 69). Further research is required to delineate constructs related to explosiveness

and develop appropriate tests and data processing approaches.

Many of the potential explanations for the shifted effect size distribution for explosiveness
outcomes may also apply to sprint outcomes. Whilst there is generally no ambiguity in definitions
and less range of sprint outcomes compared with explosiveness, there still remains variation in the
underlying constructs that are measured. The most common sprint outcomes included in S&C
intervention studies include the time to sprint between 5 and 50 m, with intervals comprising 10,
20 and 30 m frequently used. The majority of studies have been conducted with either team sport
or untrained participants that achieve maximum velocity between 15 to 40 m, in comparison to
trained sprinters that require distances of 40 to 80 m to achieve maximum velocity (70-73).
Consequently, sprint data collected over 10 to 30 m may provide researchers with divergent
outcomes describing both acceleration and maximum velocity. Previous studies have reported

strong associations with outcomes designed to assess acceleration (e.g. 10 m) and horizontal force,
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power and relative strength with longer duration ground contact times (approx. 200ms) (74, 75).
In contrast, maximum velocity sprinting has been shown to be dependent on the ability to maintain
large horizontal and vertical forces whilst minimizing braking forces with reduced ground contact
time (approx. 100ms) (72, 75, 76). Unique factors that determine acceleration or maximum
velocity during sprinting may respond differently across training methods but with studies
generally reporting data from multiple distances, the overall effect size may be diluted. Sprinting
also comprises a substantive and complex technique element (73-77), and given the low number
of studies (~10%) that included sprint specific interventions a lower effect size distribution may
be expected. More broadly, the lower effect size distribution for sprint outcomes may also reflect
a lack of specificity with regards to development of relevant physical outputs. Most training
methods included in the review focused on bilateral production of maximum vertical forces over
long durations. In contrast, sprinting activities require high forces produced over short ground
contact times that are predominantly unilateral with substantive horizontal components (70, 74,
75). Previous research investigating the capacity for non-specific training moderate to improve
sprint performance have shown that large increases in maximum strength (~12-18%) are required
to elicit only small decreases in sprint times (~-2-8%) (78-80). Research has consistently
demonstrated the effectiveness of S&C in improving morphological qualities, however, the
transference of improvement from non-specific training to more complex, time restricted tasks
may be limited. Therefore, use of the current proposed context specific thresholds is likely to

provide better understanding and interpretation of the effectiveness of a range of interventions

(figure 4).

In the present review, it was identified that specific couplings of training methods and outcomes
resulted in an average increase in SMD,. values of 0.23 and range of 0.11 to 0.38. This analysis

provides a general quantitative description of the additional improvements that may be expected
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with increased specificity. In contrast, S&C research has predominantly emphasised the
relationships between mechanical variables and measures of athleticism, with the application of
mechanical overload as the primary means of progression. Altering coordinative factors such as
intra and inter-muscular coordination and intention and direction of movement have been
highlighted as key determinants when attempting to maximise transfer of training (13, 14, 17, 64).
Therefore increasing specificity, while maintaining a level of kinetic overload may provide
additional skill acquisition, allowing for greater application of physical capability within the context
of the target outcome (17). A prototypical example of specificity in S&C can be obtained from
sprint interventions. Common sprint specific interventions include resisted and assisted sprinting
that allow for the overload of kinetic outputs such as vectorized force and power whilst also
maintaining high levels of kinematic similarity. When performing resisted sprint training, a key
consideration to balance specificity and overload has been the selection of the load used (81-85).
In a recent meta-analysis, Alcaraz et al. (85) concluded resisted sprint training (sled towing) was
most beneficial with loads <20% body mass. Average pooled SMDy:. values up to 0.61 were
reported, which lay beyond the upper bound of the large threshold value for sprint outcomes
identified in the present meta-analysis (0.57 [95% Crl: 0.54 to 0.60]). However, the large threshold
value increased to 0.69 [95% CtlI: 0.66 to 0.73] in the present study when analyses were restricted
to specific sprint training and outcome couplings, better aligning with the findings of Alcaraz et al.
(85) and supporting the conclusion that substantive improvements in sprint performance can be
expected when using the most appropriate interventions. In addition, more recent research has
suggested that optimum loading of resisted sled training based on sprint specific force-velocity and
power-velocity relationships may be closer to 69-96% body mass (83, 84). Very heavy resisted sled
training (80+% body mass) has been shown to improve horizontal force, power and ratio of
vertical and horizontal forces (84). Therefore, in contrast to prior beliefs, maximizing sprint
specific kinetics during resisted sprint training may be more beneficial than attempting to maintain

high kinematic specificity including ground contact time and stride parameters (length and
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frequency). Whilst the results from the present meta-analysis clearly demonstrate that specificity
plays an important role in increasing effectiveness of S&C interventions, further research is
required to identify how best to apply specificity concepts and the relative importance of kinematic

and kinetic similarities across different training methods and outcomes.

The similar effect size distributions obtained for resistance training and concurrent training is
noteworthy given the diverse physiological adaptations mediated by strength and endurance
activities (86, 87) and traditional perspectives of interference between the training methods (88).
Fyfe and Loenneke (89) have argued that variables unrelated to training dose such as participant
training status are important considerations when interpreting adaptations to concurrent training.
Support for this argument was provided in a recent meta- analysis (90) that identified impaired
strength development in highly trained, but not in moderately trained or untrained individuals.
These findings may explain why the effect size distribution for concurrent training was not shifted
downwards in the present meta-analysis, given most of the included studies comprised untrained
or recreationally trained participants and their window of adaptation available for strength may
nullify the potential for interference (89). Moreover, the results of the present meta-analysis reflect
contemporary research (91, 92) demonstrating no or minimal interference in comparison to earlier
concurrent research (93, 94). Where strength training is the dominant training modality and
primary focus, the use of novel endurance methods such as interval training (91, 92) may reduce

moderating factors, such as training volume that are linked to greater interference (89).

The overall findings and subsequent guidance regarding interpretation of S&C interventions is
different to that of previous large meta-analyses (29, 30). Including approximately one third of the
effect sizes included in the present meta-analysis, Rhea (2004) suggested the following ranges to

interpret small (0.5-1.25), medium (1.25-1.9) and large (>1.9) effect sizes for interventions
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comprising untrained individuals. Not only are the bandings substantively wider than those
presented here, but the upper bound of the small threshold proposed by Rhea (30) is beyond our
threshold for a large effect. Whilst the thresholds presented by Rhea (30) for highly trained
participants (small: 0.25-0.5; medium: 0.5-1.0, large: >1.0) were closer to those presented here, the
intervals are still considerably wider and beyond the values we present. The recommendations
presented by Rhea (30) were based on resistance training interventions and maximum strength
outcomes only. When restricting analyses in the present study to this specific coupling, the small,
medium and large thresholds obtained were closer (small: 0.30 [95% CrI: 0.27-0.34]; medium: 0.67
[95% CrI: 0.63 to 0.70]; large: 1.10 [95% CrI: 1.03 to 1.12]). Multiple factors specific to the analyses
may explain the different recommendations made. Whilst Rhea (30) stated that the included

recommendations were made “after careful and thorough examination of the effect sizes", no

,
details were provided regarding the analysis and selection of values. Rhea (30) stated that the mean
effect size calculated was approximately 1.25. In the present meta-analysis, direct calculation of the
mean effect size returned values of 0.62 across the whole data and 1.09 for the sub-selection of
resistance training interventions and maximum strength outcomes. However, in the present study
the influence of outlying measurements was reduced by removing outliers and applying an
appropriate meta-analysis model that accounted for multiple effect sizes from the same study,
multiple measurements made on the same outcome within a study, and borrowed information
across the data to shrink values and obtain more precise estimates of the underlying distribution.
In addition, threshold values were clearly anchored selecting quantile values describing the first
three quarters (i.e. majority) of the distribution. In contrast, selecting thresholds based primarily
on rounded values may result in relatively uncharacteristic values being selected towards the latter
portions of the distribution and potentially within the tails of a very skewed empirical distribution.

Given these differences, the recommendations presented in the current meta-analysis are more

likely to provide appropriate threshold values, and the updated analysis provides guidance on the
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interpretation of S&C outcomes beyond maximum strength, reflecting the diverse range of

practices currently employed.

Whilst this is the largest meta-analysis conducted on contemporary S&C training interventions,
there are multiple limitations that should be considered when interpreting the findings. Whilst an
extensive literature search was implemented, the process was not exhaustive and many studies
particularly those published in languages other than English are not included. In addition, the
increasing volume of S&C research progressively reduces the fraction of the overall research base
included. However, there is no reason to believe that the studies included are not representative
and therefore descriptions of the effect size distributions are likely to be appropriate. When
conducting meta-analyses of this type, there are requirements to categorize factors (e.g. training
methods and outcomes) to enable statistical pooling and generalize findings. With any
categorization, appropriate alternatives and ambiguities exist which may influence conclusions
obtained. In the present meta-analysis ambiguities existed primarily in the categorization of
outcomes as explosiveness and training methods as other. Future research is required to identify
and delineate the relevant constructs underpinning force generation under restricted time, and
develop valid and reliable outcomes to measure these constructs. Also, as more S&C interventions
are conducted the ability to repeat similar analyses on a subset of training methods and outcomes
with finer categorizations increases and these future analyses may provide more precise and

generalizable information for both practitioners and researchers.

5.0 Practical Applications

This meta-analysis represents the most comprehensive analysis of S&C intervention studies to

date. Assessment of the collective research base highlights the need for longer duration
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interventions conducted with highly trained participants. However, across existing studies clear
patters have emerged providing insights into factors causing systematic differences in results and
enabling frameworks to better interpret the effectiveness of interventions. The large-scale analysis
has demonstrated that gender, training status, intervention duration, training methods, outcome
type, and the degree of specificity can all influence the distribution of effect sizes expected. Given
large differences in effect size distributions for outcome type especially, it is recommended where
standardised mean differences are used to interpret effectiveness, Cohen’s guidelines no longer be
used for S&C interventions. Instead, it is recommended that researchers and practitioners use the
guidelines presented herein, with scope provided for values to be adjusted based on factors specific

to the intervention being evaluated, many of which are described throughout the analysis.
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Table 1: Distribution (percentiles) of study characteristics, training method and outcome type.

Study 0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%
Characteristic

Participants per 4 14 17 19 21 24 28 32 37 52 177
study

Participants per 4 7 8 9 10 11 12 14 16 21 94
group

Mean Age 14 14.6 16.9 18.5 20.0 20.6 21.6 22.5 23.5 24.9 60
Publication Year 1962 1996 2005 2008 2014 2012 2014 2015 2016 2017 2018
Intervention 4 5 6 6 8 8 8 10 12 14 520
duration (weeks)

Training Number of  Number of  Outcome type Number of = Number of
method studies (%) effects (%) studies (%) effects (%)
Resistance 241 (35.5) 2764 (31.0) Maximum strength 421 (62.0) 2608 (29.3)
Combined 227 (33.4) 2479 (27.8) Jump 381 (56.1) 1564 (17.6)
Plyometric 127 (18.7) 1227 (13.8) Explosiveness 260 (38.3) 1913 (21.5)
Other 84 (12.4) 615 (6.9) Sprint 256 (37.7) 1260 (14.2)
Sprint 74 (10.9) 605 (6.8) Power 204 (30.0) 1205 (13.5)
Ballistic 34 (5.0) 441 (5.0 Agility 116 (17.1) 354 (4.0
Isokinetic 32 (4.7) 366 (4.1)

Concurrent 29 (4.3) 277 (3.1)

Agility 14 (2.1) 130 (1.5)
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Table 2: Meta-analysis results and effect size thresholds categorised by training method.

Training Mean Small: Medium: Large: VPC VPC VPC VPC
method [95%Crl] 0.25q 0.5q 0.75¢q observed  measure outcome study
[95%Crl] [95%Crl] [95%Crl] effect Occasion level level
[75%Crl] [75%Crl] [75%Crl] [75%Crl]
Resistance 0.57[0.51 0.14[0.12 0.48[0.46 0.87[0.85 0.26[0.24 0.08[0.07 0.26[0.24 0.40[0.36
to0 0.62] 10 0.17] to 0.51] to 0.90] to 0.27] to 0.10] to 0.29] to 0.43]
Combined 0.51[046 0.13[0.11 0.41[0.39 0.74[0.71 0.33[0.31 0.00[0.00 0.24[0.22 0.42[0.38
to 0.55] to0 0.15] t0 0.43] to 0.77] to 0.36] to 0.01] to 0.27] to 0.46]
Plyometric 0.56 [0.50 0.14[0.11 0.47[0.44 0.82[0.78 0.29[0.27 0.01[0.00 0.25[0.21 0.36[0.30
to 0.63] 10 0.18] to 0.50] to 0.86] to 0.32] to 0.12] to 0.30] to 0.41]
Other 0.43[0.35 0.10[0.05 0.39[0.35 0.72[0.67 0.30[0.27 0.0[0.00 0.32[0.28 0.37[0.31
to 0.50] to 0.14] to0 0.43] to 0.77] to 0.33] to 0.01] to 0.37] to 0.43]
Ballistic 0.43[0.34 0.10[0.05 0.36[0.31 0.65[0.59 0.45[0.39 0.09[0.03 0.12[0.05 0.33[0.25
t0 0.53] to 0.15] to 0.41] t0 0.71] to 0.51] t0 0.16] t0 0.19] t0 0.43]
Sprint 0.29[0.20 -0.04 [- 0.21[0.17 0.48[0.43 0.53[0.46 0.10[0.03 0.03[0.00 0.32[0.25
to 0.37] 0.09 to to0 0.26] to 0.54] to 0.60] to 0.16] to 0.09] to 0.41]
0.01]
Isokinetic  0.63[0.48 0.25[0.18 0.60[0.53 1.0[0.92 0.32[0.26 0.06[0.02 0.06[0.02 0.55[0.46
to 0.79] to 0.32] to 0.67] to 1.1] to 0.38] to 0.12] to 0.11] to 0.64]
Concurrent 0.52[0.37 0.11[0.03 0.47[0.40 0.87[0.78 0.24[0.19 0.02[0.00 0.43[0.34 0.31[0.21
to 0.69] 10 0.18] to 0.54] to 0.97] to 0.29] to 0.06] to 0.52] to 0.42]
Agility 0.43[0.26 0.16[0.08 0.40[0.32 0.67[0.57 0.39[0.28 0.02[0.00 0.11[0.04 0.46[0.30
to 0.61] t0 0.25] 10 0.48] to0 0.79] to 0.50] to 0.08] to 0.20] to 0.62]

Crl: Bayesian credible intervals. q: quantile. VPC: variance partition coefficients
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Figure 1: Percentage distribution of outcome types (legend) analysed for each training method
(x-axis)

100% 1

- I
50% 1
25% A

0% A

Percentage Distribution

Resistanc€ombined®Plyometric Other Speed Ballistic isokinetidConcurrent Agility

, Agility . Sprint . Explosive
. Power . Jump Strength


https://doi.org/10.31236/osf.io/y7sk6

D0i:10.51224/SRXIV.9 | SportRyiv Preprint version 1

Figure 2: Empirical distribution and modelled outcome-specific effect size thresholds
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Black curve is a density plot of the directly calculated empirical effect size values across all outcomes. Small, mid, and
large thresholds represent the 0.25, 0.5 and 0.75-quantiles of predicted draws. Black diamonds are based on direct
calculation and red intervals illustrate uncertainty in estimates through the median value (circle) and 95% credible

interval.
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Figure 3: Comparison of effect sizes across specific and non-specific combinations of training
method and outcome types.
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Small, mid and large thresholds represent the 0.25, 0.5 and 0.75-quantiles of predicted draws. Variation in values is
illustrated by the median value of the quantile (circle or triangle) and 95% credible interval.
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Figure 4: Summary of recommended threshold values to interpret effectiveness of S&C

interventions focusing on outcome types.

Athletic

Sprint /
Explosiveness

Outcome Strength
Type:

(e.g. 1RM, 3RM, Isokinetic,

Isometric)

Small
Threshold [0.10 0.25 0.40]
Medium
Threshold [0.45 0.60 0.75]
Large
Threshold [0.85 1.0 1.15]

(e.g. agility, jump, power)

(e.g.10m,20m 30m
sprint time, RFD)

[0.0 0.05 0.15]

[0.15 0.25 0.35]

[0.40 0.55 0.70]
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Lower values in
threshold range

Highly trained
Males

Low specificity
Short duration

Higher values in
threshold range

Untrained
Females

High specificity
Long duration

An a priori value should be selected from each small/medium/large interval based on the specifics of the
context (e.g. intervention duration, training status, gender and degree of specificity between training

method and outcome).
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