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ABSTRACT

Background: Recent research has quantified the dose-response relationship between
weekly resistance training set volume and muscle hypertrophy and strength gains.
However, the nature of the dose-response of per-session set volume remains
underexplored.

Objective: Before meta-analyzing, all contributing sets were classified as direct or indirect,
depending on their specificity to the measurement. Then, per-session set volume for
indirect sets was quantified as 1 for ‘total,” 0.5 for ‘fractional,” and O for ‘direct.’ A series of
multi-level meta-regressions were performed for muscle hypertrophy and strength, with all
models adjusted for intervention duration and training status. The point of undetectable
outcome superiority (PUOS) was identified as the per-session set volume in which
additional sets did not result in a >50% likelihood of the difference in hypertrophy or
strength gain exceeding the smallest detectable effect size.

Results: The ‘direct’ and ‘fractional’ quantification methods provided the strongest relative
evidence for strength and hypertrophy, respectively; thus, these quantification methods
were used for the primary meta-regression models. The posterior probability of the
marginal slope exceeding zero for the effect of per-session volume on both strength and
hypertrophy was 100%, indicating positive dose-response relationships between per-
session set volume and hypertrophy and strength gains. However, both best fit models
suggest diminishing returns as per-session set volume increases, with the PUOS occurring
at ~2 ‘direct’ sets for strength and ~11 ‘fractional’ sets for hypertrophy. Notably, the ‘direct’
set model for strength gains suggests more strongly diminishing returns compared to the
‘fractional’ set model for hypertrophy.

Conclusions: There is a positive dose-response relationship between per-session volume
with both strength and hypertrophy; however, to quantify the dose-response relationship,
it is paramount to distinguish between ‘fractional’ and ‘direct’ set counting methods.
Furthermore, the relationship exhibits diminishing returns for both outcomes, which
appear to manifest more strongly for strength gains compared to hypertrophy. While the
available evidence indicates a PUOS of ~2 and ~11 sets per session for strength gain and
hypertrophy, respectively, there is insufficient data with very high per-session set volumes.
Therefore, itis unclear whether there is a point in which additional per-session sets
attenuate adaptations, or if even higher per-session set volumes could be potentially
beneficial; thus, the PUOS should be interpreted cautiously.



1 INTRODUCTION

When designing a resistance training (RT) program, organizing volume (number of sets) and
frequency (the number of times per week a muscle or exercise is trained) appropriately
may impact training-induced adaptations. Various meta-analyses have explored the effects
of weekly volume (1-5) and frequency (6-11) on muscle hypertrophy and strength gain. The
most recent meta-analytic data, a parallel project from our laboratory (2), found a
meaningful and positive dose-response relationship between weekly set volume and both
muscle hypertrophy and strength gain. However, there were diminishing returns, with no
detectable superiority beyond ~31 'fractional’ sets per week for hypertrophy and ~3
‘fractional’ sets per week for strength gain. Pelland et al. (2) also reported a positive dose-
response between frequency and strength gain. At the average frequency in the dataset,
the marginal slope indicated a 3.27% (95% Crl: 2.74%, 3.84%) increase in strength gain with
each additional training day. Conversely, the marginal slope of the dose-response between
frequency and hypertrophy was only 0.32% (95% Crl: -0.149%, 0.82%). While this effect was
positive, it was small and fell within the typical range of error seen in RT studies (12).

Integrating the independent effects of weekly set volume and frequency from Pelland et al.
(2) raises important questions. For hypertrophy, the relatively strong effect of weekly set
volume combined with the unclear effect of frequency leaves the optimal per-session set
volume unspecified. While there was undetectable outcome superiority beyond ~31
‘fractional’ weekly sets, the absence of a consistent frequency effect—beyond typical errors
in RT studies—further complicates practical recommendations. Since performing 31 sets in
a single session is impractical, identifying appropriate per-session volumes remains crucial.
For strength gains, Pelland et al. (2) reported undetectable superiority beyond ~3 fractional
weekly sets and beyond a ‘fractional’ frequency of 3. This suggests that low per-session set
volumes may be sufficient to maximize strength gains; however, a direct analysis is needed
for confirmation.

Although less common than analyses of weekly set volume, some research investigating
per-session set volume exists. A 2010 meta-analysis by Krieger (3) reported greater
hypertrophy with multiple sets per exercise compared to a single set (ES = 0.10 [0.02, 0.19];
p =0.016). More specific comparisons (2-3 sets per exercise vs. 4-6 sets per exercise)
tended to indicate greater effects with higher set volumes, but none reached statistical
significance. However, quantifying volume as sets per exercise may lack the specificity to
accurately assess the dose-response relationship of per-session set volume. In contrast to
the findings from Krieger (3), a 2020 meta-analysis by Benito et al. (13) had a negative effect



on combined assessments of lean mass (fat free mass, lean muscle mass, and skeletal
muscle mass) (8 =-0.03 [-0.05-0.001], p = 0.04), potentially suggesting an upper limit of per-
session volume beyond which changes in lean mass are negative. However, Benito et al.
utilized a wide inclusion criteria and didn’t necessarily analyze studies with differences in
per-session volumes. Further, both Krieger (3) and Benito et al (13) included indirect
measures of muscle size (e.g., dual-energy X-ray absorptiometry [DXA]), arm
circumference), which may not be as sensitive as direct, site-specific measures (e.g.,
ultrasonography, MRI, and muscle biopsy) of hypertrophy.

In a later unpublished 2017 meta-regression (14), Krieger examined the effect of per-
session set volume per muscle group as a continuous variable on hypertrophy using the

same extracted data as Schoenfeld et al. (5) (i.e., 34 intervention groups from 15 studies).
Krieger qualitatively determined an apparent point of diminishing returns for hypertrophy using
only studies with interset rest times =2 minutes and reported an upper threshold of
approximately 6-8 sets per-session. However, this qualitative analysis may have indicated the
most likely breakpoint instead of necessarily providing strong evidence of a clear

breakpoint. This, along with the lack of a clear upper limit when analyzing all studies in
Krieger's analysis, suggests a wider range of functional forms should be explored. No
previous per-session meta-analysis has analyzed only direct, site-specific hypertrophy
measures, quantified only sets per session for the measured muscle group (not per
exercise), and treated set volume as a continuous variable (15,16). Further, all previous
meta-analyses have used a volume quantification method similar to the ‘total’ method
reported by Pelland et al. (2), in which all sets for a muscle group are quantified the same,
even if the measured muscle was unlikely to be the primary force generator. Pelland et al.
(2) distinguished between direct sets (i.e., the measured muscle was likely to be the
primary force generator) and indirect sets (i.e., the measured muscle likely contributed
meaningfully to force production but was unlikely to be the primary force generator).
Indeed, the relative evidence for the ‘fractional’ quantification method - in which indirect
sets were counted as half a set - had stronger relative evidence for hypertrophy (Bayes
Factor = 9.48) than the ‘total’ quantification method.

To our knowledge, no data are currently available investigating the effects of per-session
set volume on strength gain. Based upon the results of Pelland et al. (2), one might
reasonably hypothesize very strong diminishing returns with higher per-session set
volume, with very few sets in each of 2-3 sessions per week comprising an appropriate RT
program. However, a direct analysis on the potential dose-response effect of sets per
session on strength gain is needed to gain clarity on the topic.



Therefore, the purpose of this analysis was to utilize meta-regression to investigate the
effects of per-session volume while quantifying ‘indirect’ sets in various ways as a
continuous variable on direct, site-specific measures of hypertrophy and measures of
maximal strength. We hypothesized a meaningful and positive dose-response relationship
with greater volumes leading to greater adaptations, although with diminishing returns. We
also examined a series of moderator analyses in an exploratory manner without formal
hypotheses.

2 METHODS

This meta-analysis was conducted according to Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines (17). Pre-registration on the Open Science
Framework (https://osf.io/dgka3/) using the International Prospective Register of

Systematic Reviews template was used, though some of the methods have changed since
the original pre-registration.

2.1 Quality of Evidence Assessment

We used the TESTEX scale (18) to assess the quality of included studies due to its design
specifically for exercise training studies. To aid in interpretation, we also included 1) funnel
plots and effective sample size approximated bias-adjusted estimates (19) for assessing
heterogeneity and small study bias (20), 2) contrast-based meta-analyses to assess the
consistency of effects between higher vs. lower per-session volume, 3) additional meta-
regressions with strict inclusion criteria, described in section 3.

2.2 Inclusion and Exclusion Criteria

English-language full-text peer reviewed articles as well as pre-prints and masters and
doctoral theses were considered for inclusion. Inclusion criteria consisted of a randomized
experimental design with the presence of a dynamic resistance training intervention lasting
at least four weeks and comparing at least two conditions or groups featuring differences
in training volume (defined as the number of sets per week) or frequency (defined as the
number of sessions per week) or both. Further, to be included, studies must have
controlled for load (5% of 1 repetition maximum (RM) or +2RM), exercise selection, and
proximity to failure (failure or nonfailure or mixed) and reported outcome measures at pre-
testing and post-testing for maximal strength (isometric, isokinetic, or isotonic strength up



to a 1T0RM) or hypertrophy (direct measures only: ultrasound, computed tomography (CT),
magnetic resonance imaging (MRI), muscle biopsy). No retracted studies or studies called
into question by Vigotsky et al. (21) were included.

Exclusion criteria included studies involving diseased or unhealthy subjects or subjects
greater than 70 yrs old (if not explicitly stated, if mean age plus two times the standard
deviation was greater than 70, that was considered grounds for exclusion). Additionally,
studies involving a supplement intervention were excluded.

2.3 Literature Search and Screening

PubMed and Google Scholar databases were searched for English-language studies for all
time points up until April 2023. Studies published between April 2023 and June 2024 that
the authors became aware of were also considered for inclusion. The literature search
terms, screening process, and extraction process are described in our laboratory’s parallel
project (2).

2.4 Data Extraction and Coding

Data relevant to strength and hypertrophy outcomes were extracted from the included
studies, including details regarding sample characteristics, training interventions, and the
outcome(s). When data were not available, the authors were contacted to request the
missing data. If no response was received, a second request was sent. If there was still no
response, data were obtained using WebPlotDigitizer (v5.0, Ankit Rohatgi) where possible.
Descriptive data were extracted as separate variables for total, direct, and fractional
volume quantification methods. Data extraction and coding were performed by JR, JP, and
SH.

2.5 Volume Quantification
Per-session set volume was quantified in three ways: ‘direct,’ ‘total,” and ‘fractional’ sets.

For hypertrophy outcomes, ‘direct’ sets included only sets of exercises in which the likely
primary force generator is the measured muscle; for example, if the biceps brachii are
measured, only sets of isolated elbow flexion were counted for ‘direct’ sets. ‘Total’ sets
included all ‘direct’ sets plus sets where the measured muscle likely contributes as a
synergist; for example, if the biceps brachii are measured, sets of isolated elbow flexion



and sets of non-isolated elbow flexion, such as lat pulldowns, are counted equally.
‘Fractional’ sets included the same sets as ‘total’ sets but sets where the measured muscle
was not the likely primary force generator were counted as half of a set; for example, if the
biceps brachii are measured, sets of isolated elbow flexion count as one set while sets of
non-isolated elbow flexion count as half a set.

For strength outcomes, ‘direct’ sets included only sets performed of the same exercise as
the tested strength assessment; for example, if barbell back squat is assessed, only barbell
back squat sets are counted. ‘Total’ sets included all ‘direct’ sets plus any sets that were
likely to meaningfully train the muscle(s) involved in the strength assessment; for example,
if barbell back squat is assessed, barbell back squat sets and leg press sets are counted
equally. ‘Fractional’ sets included the same sets as ‘total’ sets, but indirect sets were
counted as half of a set; for example, if barbell back squat is assessed, barbell back squat
sets are counted as one set and leg press sets are counted as half a set.

This process was not wholly objective; therefore, a tabulated breakdown of direct versus
indirect set classification can be found in Table 1 of our parallel project (2).

2.6 Control Group Estimates

To appropriately contextualize model estimates and inform the smallest detectable effect
size (SDES), we sought to include data from non-training control groups of untrained
participants from the included studies. However, as only 13 included studies (22-34)
featured such data, with only two of these (23,34) having hypertrophy outcomes, this
became inadvisable. Thus, we instead utilized published data from Steele et al. (12) which
meta-analyzed 368 strength effects and 223 hypertrophy effects to inform the SDES
(specifically, the square root of the sum of the estimated variance components from the
multi-level meta-analytic model), resulting in values of 2.05% and 3.96% for hypertrophy
and strength outcomes, respectively (https://osf.io/qzxcj).

3 Statistical Analyses:

This meta-analysis was performed using the brms and metafor packages in the R language
and environment for statistical computing (v 4.0.2; R Core Team, https://www.r-project.org).
Available on the Open Science Framework (https://osf.io/dgka3/) are the extracted data,

analysis scripts, estimates, plots, and supplementary files. Due to the nature of this project,
we did not conduct null hypothesis significance testing to avoid dichotomizing our findings
(35), and instead used an approach based on estimation within a Bayesian framework in



which effect estimates and their precision were interpreted continuously and
probabilistically (36). Nested effect sizes were calculated due to many of the included
studies consisting of multiple effects reported for each of multiple groups.

The primary analyses were performed as multilevel arm-based meta-regression models
(37,38) with study, group, and observations as nested random intercepts in the model
(observations nested within groups and groups within studies). We attempted to include
random slopes on the study-level for the volume variable to account for heterogeneity in
the fixed effects across studies, however in nearly all cases this resulted in unresolvable
model warnings, such as divergent transitions. Therefore, random slopes were not
included. Effects were weighted by inverse sampling variance to account for variance
between studies, within studies, and between observations in a study.

3.1 Effect Size Calculation

Following model construction, effect sizes and associated variance were calculated using
the escalc function (39,40) as both response ratios and standardized mean change, since
the effect size calculation choice may influence model selection (41). Response ratios were
calculated as the sum of the natural logarithm of the ratio of post-test and pre-test means,
which were later exponentiated (i.e., €*) to convert them to percentage change scores to
make practical interpretation more intuitive. Standardized mean changes were calculated
as the difference between post-test and pre-test means, divided by the pooled pre-test
standard deviation with an adjustment (i.e., C) for small sample bias. Formulas for each
effect size and their variances can be seen below:

SMC = C Mean,,s; — Meany,, C=1 ( 3 )
- SDpre S 4n—-1) — 1

var(SMC) =
n 27 n
RR = In Meany,s;
Mean,,,
var(RR) = (SDPOSt){::EZ + (SDpre)i::iz _ 27" (SDPost) ) (SDpre)'
n: (Meanpost)§:::§2;~-§ n - (Meanpre)i::?zz,..z n - (Meanpost) . (Meanpre
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Regarding calculating the variance of effect sizes, most studies did not report the necessary
pre-testing to post-testing correlation values. If possible, available data were used to
estimate those values to be used for analysis (42); if not possible, values were imputed
based on the median of the estimated correlation values. Similarly, if the standard
deviations needed to calculate the effect sizes were missing, approximation methods were
used via referencing a weighted coefficient of variation (43). To quantify the variance
explained by only the fixed effects or the combined fixed and random effects, we
calculated marginal and conditional R? values (44).

3.2 Best Fit Model Selection

Because of the potential of a nonlinear dose-response relationship between volume and
strength or hypertrophy, we preliminarily fit a variety of functional forms for all models
with the metafor package as random intercept models with both effect size types, and
compared them using the performance package (45). Bayesian Information Criterion (BIC)
and an approximated Bayes Factor were used to determine which model led to the highest
probability of the observed data for each outcome. The Bayes Factor was calculated for
each model relative to an intercept-only model and subsequently averaged between effect
sizes. The model that performed the best after accounting for effect sizes on both additive
and multiplicative scales was considered the “best fit;" however, although both effect size
calculations were used for model selection, only response ratio models are reported. The
following functional forms were compared to find the “best fit model” for each outcome:

Linear

Restricted Cubic Spline (4 knots)
Linear-log

2" Order Polynomial

Square Root

Quadratic Term

Reciprocal

No vk wWN =

All models included per-session volume (‘total,’ 'fractional,’ or 'direct’), 2) intervention
duration (continuous; in weeks), and 3) training status of the participants (binary
categorical; trained or untrained).

3.3 Estimates



Using the emmeans package (46), marginal effects (means) with 95% compatibility intervals
(quartile-based credible and prediction intervals) were extracted for the main effect of per-
session volume, adjusted proportionally for all other predictors. To better estimate the
magnitude of all model predicted effect sizes, each presented estimate has been control-
adjusted, meaning the mean effect size predicted at zero sets per session was contrasted
with the mean effect size predicted at every other number of sets. Therefore, the models
represent effect sizes and compatibility intervals of a given per-session volume relative to
the control effect.

3.4 Moderator Analyses

Interaction moderator analyses were then performed with the metafor package for the best
fit models to examine the influence of a variety of training- or participant-related factors,
such as sex, age, proximity to failure, rest interval length, and more. For these analyses,
separate models were fit for each moderator with the same structure as the best fit model|,
but with an additional linear main effect and interaction term between per-session volume
and the moderator of interest. Given differences in the number of effects between levels of
the moderator, non-training control groups and effects from studies that manipulated both
volume and frequency were not included to ensure undue weight was not provided to
these effects.

3.5 Alternative Meta-Analytic Approaches

As stated previously, to address the research question of the effects of per-session volume
on strength and hypertrophy, this analysis includes studies that manipulate training
volume, training frequency, or both. By including more data in this way, statistical
power/precision is improved (47), and these differences in study design are accounted for
in the multilevel structure and fixed effects of the primary models.

However, we additionally conducted an analysis including only volume- or frequency-
manipulated studies, fitting traditional multilevel contrast-based models using between-
condition effect sizes. An intercept-only model comparing higher to lower per-session
volume, as well as a two-stage fixed effect meta-regression model were each examined.
Regarding the latter, the first stage involved fitting independent sample size weighted
linear models for each outcome in each study, then extracting the intercept and slope for
each and pooling them for each study. Next, the estimates were weighted by sample size
and pooled for each study in a multivariate model, accounting for residual correlations



between intercepts and slopes. The second stage involved meta-analyzing the intercepts
and slopes across studies again, accounting for residual correlation between estimates by
using a multivariate model. Finally, dose-response predictions were created via posterior
distributions of the pooled intercept and slope. Due to the limited number of observations
per regression model in stage one, a linear form was used for both stages of this analysis.

These alternative approaches were used to confirm a lack of undue bias in the primary
meta-regression models via similar directionality and magnitude in the alternative models.
Notably, these alternative models contain far less data and therefore provide less
precision, and also may lose the benefits of effect regularization from partial pooling and
shrinkage featured in the primary models. There was not an irreconcilable contradiction in
the results of any of the best fit models; however, these models potentially aid in
interpretation.

3.6 Comparing Volume Quantification Methods

To evaluate the relative evidence for each per-session volume quantification method
(‘total,’ ‘direct’, and ‘fractional’), we calculated Bayes Factors for each pairwise comparison
between primary meta-regression models, resulting in a measure of which model (‘total,
‘direct’, and ‘fractional’) was the most probable given the included data. The strength of
evidence was interpreted based on the Kass and Raferty scale (48).

3.7 Point of Undetectable Outcome Superiority

To aid practical interpretation, we estimated a point of undetectable outcome superiority
(PUOS) for the effect of per-session set volume on strength and hypertrophy for the most
probable meta-regression model. This was defined as the value of per-session volume at
which no pairwise comparisons to higher per-session volume values showed a >50%
probability of the cumulative differences to exceed the smallest detectable effect size.

In an attempt to aid practical interpretation, we converted the identified value of the PUOS
from the favored model type into the other volume quantification methods. In other words,
this conversion provides an approximation of the per-session set volume where there is
<50% confidence that that additional hypertrophy continues to occur. To make this
approximation, we first calculated the mean of total sets per session and indirect sets per
session for each outcome in each included study. From those values, the proportion of
indirect sets was calculated, then this proportion was used to convert the PUOS value to



the other set quantification types. For example, the PUOS for hypertrophy was 11
‘fractional’ sets. Using the calculated proportion of indirect sets, approximately 25.776%,
the PUOS in terms of ‘direct’ sets was estimated as (11 * (1 - 0.25776)), resulting in a value
of 8.165 ‘direct’ sets. The remaining PUOS values for each set model for both outcomes can
be seen in Table 1.

4 RESULTS
4.1 Literature Search

As detailed in Figure 1 in our parallel project on weekly set volume (2), a total of 6677
studies were identified by the literature search, and 162 were identified as duplicates and
deleted, leaving 6515 studies for consideration. An additional 16 studies were identified
through other means (i.e., authors becoming aware of a new publication, citation searching
in relevant studies). 135 publications remained for consideration following title and
abstract screening, whereupon the full texts were assessed for inclusion, ultimately
resulting in 67 studies included in the analysis.

4.2 Quality of Evidence Assessment

The mode TESTEX score was 12/15 (range = 8-14; https://osf.io/9wzb6). The mode study
quality score was 3/5 (range = 1-5). The mode study reporting score was 8/10 (range = 4-
10). Qualitative assessment of funnel plots and effective sample size approximated bias-
adjusted estimates did not indicate small-study bias for hypertrophy (https://osf.io/7géxr)
or strength (https://osf.io/xmgk5). Contrast-based meta-analyses and two-stage meta-
regressions returned no consistent indication of larger-than-expected heterogeneity in
results.

4.3 Study Characteristics

A detailed breakdown (https://osf.io/y97wg) and visual summary (Figure 2 of our parallel
project on weekly set volume (2)) of the included studies are available. Briefly, our analysis
included data from 2058 participants of a mean age 25.16 + 5.22 yrs and intervention
lasting 10.42 + 4.48 weeks. Mean training descriptive data consisted of 13.00 + 8.87 sets per
week, 2.33 + 0.98 sessions per week, 1.80 + 0.68 min rest periods, and 10.63 + 3.53
repetitions per set for hypertrophy effects, and 8.14 + 6.23 sets per week, 1.97 £ 0.92



sessions per week, 2.04 + 0.79 min rest periods, and 9.85 + 3.19 repetitions per set for
strength effects.

4.4 Volume Quantification Methods

For ‘total,’ ‘direct,” and ‘fractional’ volume - for both hypertrophy and strength - separate
meta-regression models were created, resulting in six total models. The relative strength of
evidence for each model regarding hypertrophy and strength separately were assessed in
terms of 2 x Log(BF) values (48) (https://osf.io/f7659). Regarding the hypertrophy models,
there was ‘positive’ evidence that ‘fractional’ outperformed ‘total’ (Log(BF)=3.72) and ‘weak’
evidence that ‘fractional’ outperformed ‘direct’ (Log(BF)=0.96). Regarding the strength
models, there was ‘strong’ evidence that ‘direct’ outperformed both ‘fractional,’
(Log(BF)=9.87) and ‘total' (Log(BF)=6.95).

Given the most favorable evidence for the ‘fractional’ sets model for hypertrophy outcomes
and the ‘direct’ sets model for strength outcomes, the following results sections will focus
on those model results. Results for other models can be found in the supplementary
materials (https://osf.io/dgka3/).

Method of Quantifying Per Session Set Volume Model Comparisions

A B
Hypertrophy (Numerator) Strength (Numerator)
Fracllsonal Dirlecl Tollal Frac(llonal leec( Tollal

2 x Log(BF)
Total 4

Direct 4

2 x Log(BF)

Denominator

Fractional -

Kass and Raferty (1995) Scale: -Inf to 0 = Negative; 0 to 2 = Weak; 2 to 6 = Positive;
6 to 10 = Strong; 10 to +Inf = Very Strong; Positive Values Favor Numerator

Figure 1. Relative evidence for models using the Kass and Raftery scale: < 0 = negative evidence in favor of the numerator; 0 <2 =
weak evidence in favor of the numerator; 2 < 6 = positive evidence in favor of the numerator; 6 < 10 = strong evidence in favor of the
numerator; = 10 = very strong evidence in favor of the numerator.

4.5 Primary Analysis



In the following sections, primary analysis results are presented regarding the meta-
regression models for the effects of per-session volume on hypertrophy and strength. In
particular, the best fit of all candidate models is presented alongside the overall quality of
model fit (R?) and the marginal slope for the main effect of per-session volume (i.e., the
slope at the mean of per-session volume after adjusting for intervention duration and
training status). Full model summary tables with all extracted estimates can be found in the
supplementary materials (https://osf.io/dgka3/).

4.5.1 Hypertrophy Outcomes

Fractional Per-Session Set Volume:

The multilevel meta-regression models for the effect of ‘fractional’ per-session volume on
hypertrophy outcomes included 220 total effects from 35 studies involving 1032
participants. Model comparisons revealed the linear-log model was the best fit (Figure 2).
The fixed effects of the model explained approximately 16% of the variance (R?marginal =
16.1%, R2conditional = 73.8%). The marginal slope was positive with a 100% probability the
mean linear slope exceeded zero, and the 95% credible interval did not contain a null point
estimate (B = 0.393% [95% Crl: 0.202%, 0.583%]). The best fit model and slope indicate a
positive dose-response relationship between hypertrophy and ‘fractional’ per-session
volume.

Control Adjusted Marginal Effects for Fractional Per Session Set Volume (Hypertrophy)
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Figure 2: Fractional per-session set volume best fit multilevel meta-regression for hypertrophy (linear-log model) analyzed as an
exponentiated response ratio. Data are presented as estimated marginal means (solid line) with 95% quantile based compatibility
intervals (light band = credible, dotted band = prediction) after adjusting for intervention duration and training status. Colored circles
represent the effect size of each observation included in the analysis, with the size of each circle representing its weight determined
by inverse variance weighting. Panel B represents the linear slope at the mean value of fractional per-session volume for all effects. In
all panels, the main effect for fractional per-session volume is presented at the mean of the continuous fixed effect (i.e., intervention
duration) and proportionally marginalized across the categorical fixed effect (i.e., training status).

Additional models containing only direct effects (i.e., the intercept-only model comparing
dichotomized higher versus lower per-session volumes and the meta-regression model of
absolute per-session volume differences), including 121 total effects from 17 studies
involving 544 participants, can be found in the supplementary materials
(https://osf.io/6s9ym). These models qualitatively confirm the main meta-regression model.

4.5.2 Strength Outcomes

Direct Per-Session Set Volume:

The multilevel meta-regression models for the effect of direct per-session volume on
strength outcomes included 490 total effects from 66 studies involving 2020 participants.
Model comparisons revealed the reciprocal model was the best fit (Figure 3). The fixed
effects of the model explained approximately 15% of the variance (RZmarginal = 14.9%,
R2conditional = 73.3%). The marginal slope was positive with a 100% probability the mean linear
slope exceeded zero, and the 95% credible interval did not contain a null point estimate (3
=1.23% [95% Crl: 0.941%, 1.52%]). The best fit model and slope indicate a positive dose-
response relationship between strength and ‘direct’ per-session volume.



Control Adjusted Marginal Effects for Direct Per Session Set Volume (Strength)
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Figure 3: Direct per-session set volume best fit multilevel meta-regression for strength (reciprocal model) analyzed as an
exponentiated response ratio. Data are presented as estimated marginal means (solid line) with 95% quantile based compatibility
intervals (light band = credible, dotted band = prediction) after adjusting for intervention duration and training status. Colored circles
represent the effect size of each observation included in the analysis, with the size of each circle representing its weight determined
by inverse variance weighting. Panel B represents the linear slope at the mean value of direct per-session volume for all effects. In all
panels, the main effect for direct per-session volume is presented at the mean of the continuous fixed effect (i.e., intervention
duration) and proportionally marginalized across the categorical fixed effect (i.e., training status).

Additional models containing only direct effects (i.e., the intercept-only model comparing
dichotomized higher versus lower per-session volumes and the meta-regression model of
absolute per-session volume differences), including 257 total effects from 32 studies
involving 972 participants, can be found in the supplementary materials
(https://osf.io/7p239).

4.6 Secondary Analyses

4.6.1 Interacting Moderators

Data visualization and interpretation of interacting moderator analyses are available
(https://osf.io/dgka3/). Of particular interest due to prior data suggesting a potential
moderating effect are rest period length (14) and proximity to failure (49) on the dose-




response relationship between set volume and hypertrophy. Interestingly, our results do
not suggest a meaningful interaction effect of either variable on strength or hypertrophy,
with the uncertainty intervals of all corresponding contrasts including zero. Importantly, it
should be noted that there are insufficient direct investigations into these moderators, and
the number of observations contributing to these effects are often low, leading to poor
estimate precision. Therefore, these moderator analyses are likely best viewed as
hypothesis-generating, and we encourage extreme caution in interpretation.

4.6.2 Point of Undetectable Outcome Superiority for Per-Session Volume

Approximate values for the PUOS were determined to be 11 sets per session for ‘fractional’
hypertrophy (https://osf.io/3d8ts) and 2 sets per session for ‘direct’ strength
(https://osf.io/vbzc9). It should be noted that these PUOS values are not upper limits
beyond which additional increases in outcomes are not observed; rather, beyond these

per-session set volume values, no pairwise comparisons to other per-session set volume
values showed a >50% probability of the cumulative differences to exceed the SDES. The
identified PUOS values from the favored model type were converted into the other volume
quantification methods to aid interpretation (Table 1).

Table 1. Approximate conversions of PUOS from the best-fit model to other volume
quantification methods

Total sets Direct Sets Fractional Sets
Hypertrophy 13.835 8.165 11*
| I ] I
Strength 4.957 2* 3.478

*value from the best-fit model for that outcome, without any conversion applied. PUOS =
Point of undetectable outcome superiority.

5 DISCUSSION

The present meta-regressions explored the dose-response relationships of per-session set
volume on the effects of muscle hypertrophy and strength gain. The results supported our
hypothesis that hypertrophy and strength gain increased as per-session volume increased,
though the best-fit model indicated diminishing returns. Stronger diminishing returns were
evident for strength gains compared to hypertrophy. Importantly, the PUOS for each



section can be interpreted as the threshold beyond which additional sets are unlikely to
yield benefits detectable on the individual-level, probabilistically. In other words,
practitioners may deem a different threshold of improvement for what is practically
beneficial, potentially diverging from our smallest detectable effect size. Ultimately, it is
paramount to understand that the PUOS values, while justifiable, were determined
arbitrarily.

5.1 Volume Quantification Method

Previous meta-analyses exploring the effects of RT volume on muscle hypertrophy and
strength gain, with the exception of the parallel project from our lab (2), either counted
direct sets only (4) or did not distinguish between direct and indirect sets when accounting
for weekly set volume (1,3,5), counting them equally. Importantly, treating direct and
indirect sets as equivalent stimuli is unlikely to be ideal for describing the underlying data
(50-53). For example, Mannarino et al. (52) observed, using a within-subjects design,
significantly greater increases in elbow flexors muscle thickness with biceps curls (+11.06 +
8.50%) than with dumbbell rows (+5.16 + 5.61%) (SD estimated using WebPlotDigitizer)
when volume was equated in men who trained to concentric muscular failure. Given the
potentially lower contribution of indirect sets to muscle growth, it is unsurprising that the
fractional model best explained the hypertrophy outcomes in the present study and the
relationship between weekly volume and muscle growth in the parallel project from our lab

(2).

Interestingly, for strength gain, the present investigation found the ‘direct’ set model to
best describe the outcomes, while Pelland et al. (2) found the ‘fractional’ model to best
explain the relationship between weekly set volume and strength gain. Both Pelland et al.
((2); https://osf.io/rm4xy) and the present project (https://osf.io/cuvsa) also conducted

exploratory analyses to approximate the contribution of indirect sets to the volume
quantification methods that were most predictive of outcomes. Regarding muscle strength,
these analyses suggested that model performance across both Akaike Information
Criterion and Bayesian Information Criterion was maximized quantifying indirect sets as
~39% for weekly set volume and ~16% for per-session set volume. The best-fit model for
strength gain may differ from Pelland et al. (2) because the added benefit of a set on the
per-session level is considerably less than on the per-week level. In Pelland et al. (2), the
largest benefit for strength gain is increasing from 0 to 1 set per week, with each additional
set eliciting an attenuated rate of gain; thus, increasing weekly sets from 1 to 2 confers a
smaller benefit than increasing from 0 to 1. On the per-session level, the largest increase in



strength is also experienced when increasing from 0 to 1 set with diminishing returns
thereafter; however, the relative importance of an increase from 1 to 2 sets is far less on a
per-session level than weekly. Specifically, since the average training frequency of the
included studies in this investigation for strength outcomes was 1.97 + 0.92 sessions per
week, increasing per-session sets from 1 to 2 would lead to an approximate increase in
weekly sets from 2 to 4. As already outlined, a greater benefit is experienced when
increasing from 1 to 2 weekly sets than from 2 to 4 weekly sets. Therefore, the increase in 1
to 2 sets per-session (~2 to 4 weekly sets) is of such small benefit that it is unsurprising that
indirect sets would be of little benefit on the per-session level when even direct sets are not
accounting for much additional strength gain. It should also be noted that the ‘direct’
quantification method has notable limitations. For instance, in studies involving isometric
or isokinetic strength tests, all dynamic training was coded as indirect sets, leading to a
large number of effects with solely indirect sets - in other words, 0 ‘direct’ sets per session.
A greater number of training groups with 0 sets is an inherent consequence of the ‘direct’
quantification method. Therefore, it is likely that indirect sets do contribute to strength
gain; however, the exact degree to which those sets contribute is unclear but likely <50% of
the effect of direct sets.

5.2.1 Hypertrophy Outcomes

Our meta-regressions display a positive dose-response relationship between per-session
volume and hypertrophy, with diminishing returns - particularly over ~11 fractional sets -
and greater uncertainty with higher per-session volumes. Greater outcomes occurred with
higher per-session volumes, although these returns diminished with each additional set;
above 11 ‘fractional’ sets per session, hypertrophy outcomes continued to occur, again in a
decreasing manner, although - compared to <11 sets per session - with a markedly
decreased slope and greater uncertainty surrounding superiority to the outcomes at a
lesser per-session volume value. Further, the relationship from zero per-session sets up
until the PUOS was not linear, suggesting increasingly diminishing returns. Krieger,

although unpublished with much less data (14), also identified a positive dose-response

relationship. Specifically, Krieger observed diminishing returns above 6-8 ‘total’ sets per session
when interset rest was =2 min, but a lack of clear diminishing returns with shorter rest periods

(<2 min). In contrast, we identified the PUOS at ~11 ‘fractional’ sets per session with no
meaningful effect of rest period length. These disparities may be due to differences in
volume quantification method and available data to be meta-analyzed. Specifically, Krieger
(14) counted ‘fractional’ and ‘direct’ sets both as one set and only included 2 studies (54,55)
with 211 sets per session while we included 12 studies with 210 sets per session (54-65).



Interestingly, Benito et al. (13) identified a negative dose-response relationship whereby
higher per-session volumes led to a decrease in lean body mass. This different direction of
the dose-response relationship is potentially explainable by different inclusion criteria,
particularly the use of indirect measures of hypertrophy (i.e., DXA) as well as different
analysis techniques (i.e., not differentiating between direct and indirect sets, and analyzing
the effect of per-session volume on changes in lean body mass as a secondary moderator
analysis rather than a primary analysis) in Benito et al. (13).

5.2.2 Volume-Frequency Interaction: Muscle Hypertrophy

Although the present investigation only examined per-session volume, it is essential to
discuss these findings in the context of weekly volume targets to understand the volume-
frequency interaction. The present investigation found that the difference in hypertrophy
was small and imprecise above 11 ‘fractional’ sets (i.e., the PUOS). Pelland et al. (2) reported
the PUOS occurred around 31 weekly ‘fractional’ sets. Taken together, these findings seem
to suggest a frequency of 3 weekly sessions with ~10 sets per-session (10*3) to equate to
the PUOS of 31 weekly sets from Pelland et al. (https://osf.io/xc3g5). However, Pelland et al.
reported that the estimated effect of frequency beyond 1 was unlikely to exceed the SDES
(https://osf.io/xc3g5), which seemingly contradicts the findings of the present investigation.

Multiple possibilities may explain this potential contradiction in findings. First, given the
dose-response relationship of weekly volume reported by Pelland et al. (2), the effects of
per-session volume should be viewed as additive throughout the week. Therefore, the
most consistent comparison would be the per-session PUOS multiplied by the average
weekly frequency (2.33 sessions/wk.) from the present investigation (11 * 2.33). This
product of 25.6 weekly sets is closer to 31 weekly sets. This difference of ~5 weekly sets
may then be explained by differences in best-fit functional forms between weekly volume
(root) and per-session volume (logarithmic), limiting the direct translation between
outcomes and therefore practical volume-frequency combinations. Furthermore, we
encourage caution with our methods for determining the PUOS specifically as it relates to
volume-frequency interactions due to inherent differences in the incremental natures of
volume (i.e., a single set) and frequency (i.e., an entire session). In a relative sense, an
additional increment of volume in a single session is considerably smaller in proportion
compared to adding an additional session. Therefore, while the effect of frequency beyond
1 session per week in Pelland et al. (2) did not exceed the SDES, the slope was positive with
a 91.3% probability of exceeding 0. Therefore, the non-zero effect of frequency and



differences in best-fit functional forms likely explain the initial contradiction, and reveal
that the analyses are compatible and highlight important considerations for interpretation.

While the present data provide a direct investigation for per-session volume, insights into
per-session volume-frequency interactions rely only on indirect comparisons. In other
words, no study, to our knowledge, has isolated both of these variables to directly
investigate per-session volume-frequency interactions. However, isolating both per-session
volume and frequency would require four groups to investigate two levels of each variable,
and even more groups would be required to control for independent effects of weekly
volume. Given the intricate nature of this research question, direct investigations
necessitate a resource-intensive design, warranting careful consideration before pursuing
such studies.

In the absence of direct investigations, there are two competing hypotheses on the per-
session volume-frequency interaction: 1) higher frequencies are only beneficial when per-
session volume is low so that sufficient recovery occurs between sessions, and 2) higher
frequencies are beneficial when it ensures per-session volumes do not become excessively
high. For the first hypothesis, mechanistically, following the post-exercise increase, muscle
protein synthesis is decreased substantially by 48 hours post-exercise (66) and possibly
back to baseline in resistance-trained individuals (67). Indeed, a review by Dankel et al. (68)
suggested, based upon this theory, that higher frequencies would improve muscle growth
due to greater area under the curve for the protein-synthetic response; however, it's
possible that most studies have a per-session volume that is too high (present study
average: 5.95 + 4.49 ‘fractional’ sets) for this hypothesis to unfold. In other words, with a
per-session volume that is too high, sufficient recovery may not occur; thus, attenuating
the hypertrophic effect of another session. Interestingly, Schoenfeld et al. (69) found that
trained men performing 10.5 ‘fractional’ weekly sets for the biceps experienced greater increases in
muscle thickness by performing 3.5 ‘fractional’ sets three times per week (+6.5%) as opposed to a
frequency of twice per week with “fractional’ sets split into 4.5 and 6 in each session (+4.4%) (B =
1.41; p = 0.012). Therefore, higher frequencies may confer a benefit when paired with
sufficiently low per-session volumes; however, this is speculative.

Regarding the second hypothesis, it is also possible that higher frequencies are needed
when per-session volumes are too high. When set volumes are high, potentially above the
PUOS (i.e., 11 fractional’ sets) reported in the present investigation, there may cease to be
a meaningful benefit to continuing to increase per-session volume. Furthermore, it
becomes practically difficult to complete a very high number of sets in a single session;



thus, according to this hypothesis, higher frequency may enhance hypertrophy.
Importantly, the present investigation does not conclusively support either hypothesis.

5.3.1 Strength Outcomes

To our knowledge this is the first published analysis of the effects of per-session volume on
strength gains. The most relevant previous work is the recent parallel project from our lab
(2) which meta-analyzed the effect of total weekly volume on strength gain. Although a
slightly different research question, our results align with those of Pelland et al. (2) which
identified a positive dose response with diminishing returns and greater uncertainty at
higher weekly volumes. In the present study, higher per-session volumes lead to greater
strength gains, although with a PUOS at ~2 ‘direct’ sets per session. Greater outcomes
occurred with higher per-session volumes, although with diminishing returns. Above 2
‘direct’ sets per session, strength outcomes continued to occur, again in a decreasing
manner, although - compared to <2 sets per session - with a markedly decreased slope
and greater uncertainty surrounding superiority to the outcomes at a lesser per-session
volume value. This finding is in agreement with prior research showing very low volumes -
as few as 1-2 sets per session with loads >80% 1RM at a rating of perceived exertion of at
least 7.5 - leading to meaningful strength gains (70,71). In an attempt to aid practical
interpretation, we converted the identified value of the PUOS of 2 ‘direct’ sets per session
from the favored model type into the other volume quantification methods (Table 1).
Notably, the mechanisms of long-term strength development may diverge from those in
the short term, therefore caution should be taken when interpreting these results.

5.3.2 Volume-Frequency Interplay: Muscle Strength

The identification of a PUOS at ~2 ‘direct’ sets per session supplements the independent
benefit of higher frequency for strength gains reported in the parallel project from our
laboratory (2). Since the beneficial effects for strength are most efficient with very little per-
session volume as observed in the present analysis, and there is a dose-response
relationship between weekly volume and strength increases that strongly diminish above 3
‘fractional’ sets per week (2), a RT program consisting of low per-session volumes with a
prioritization of additional frequency (up to ~2-3 sessions per week) may maximize short
term strength gain based upon the available evidence.

5.4 Limitations and Considerations



This analysis has several limitations. First, while we employed wider inclusion criteria than
prior analyses (1,3-10) in an effort to better investigate the potential dose-response
relationships of per-session volume with hypertrophy and strength gain, it is unclear
whether the present results apply to all RT scenarios. The secondary analyses provide
some insight, but there is very little direct evidence regarding the impacts of these
variables (i.e., participant age range, measurement methodology, standardization of load
during the training intervention, etc.) on hypertrophy and strength gain and thus how
different inclusion criteria may potentially have impacted the present results..

Second, the results are limited to what was explored in the included studies. For instance,
not all included studies satisfactorily quantified or reported proximity to failure of all sets,
resulting in the determination of failure training, nonfailure training, or a mixture rather
than a specific proximity to failure that was controlled across all sets; more clarity may
impact the relationship between per-session volume and hypertrophy or strength gain as
previous research indicates an independent effect of proximity to failure on these
outcomes (49). Furthermore, studies featuring high per-session volumes are relatively
scarce. The present analysis included studies with 5.95 + 4.49 (range = 0-24) ‘fractional’ sets
per session for hypertrophy outcomes and 1.96 + 2.22 (range = 0-10) ‘direct’ sets per
session for strength outcomes; more data resulting from higher per-session volumes may
alter the dose-response relationships and the functional form of the best-fit models.

Third, while great effort was taken into calculating set volumes accounting for both direct
and indirect sets, it can be argued that a different quantification method could have been
used in some cases. Indeed, subsequent exploratory analyses (https://osf.io/cuvsa)

approximated the contribution of an indirect set to be ~32% of a direct set for hypertrophy
and ~16% for strength; thus, one might reasonably critique the present study quantifying
all indirect sets as 50% of a direct set. As previously discussed, this may have particularly
impacted the ‘direct’ set model being designated as the best-fit for strength outcomes.

Fourth, most studies included in this analysis did not involve participants training with the
same number of sets for all muscle groups - in fact, many studies trained only a single
muscle. Therefore, while these meta-regressions illustrate the relationship between per-
session volume and hypertrophy and strength, caution should be taken when attempting
to extrapolate the findings to whole-body training programs. Caution should also be taken
when extrapolating to larger time frames, as longer duration interventions compared to
those available for the present analysis (mean duration 10.6 weeks and 10.7 weeks for



hypertrophy and strength effects, respectively) may potentially reveal different patterns to
the dose-response relationships. Moreover, our analysis did not explore the potential for
psychological burnout or injury risk associated with higher per-session volumes, which may
become a bottleneck in practice, but may not be represented in relatively short-duration
research studies.

Fifth, training-induced edema may confound post-testing muscle size measurements,
particularly following protocols which elicit a large degree of muscle damage (72-74). For
the studies that did report the time between the final training session and the post-testing
assessments, 96.07% of the hypertrophy effects had at least 48 hours delay before
measurements were taken (https://osf.io/gx2zn). However, only 69.55% of hypertrophy

effects included in this analysis reported the measurement timeline, and some of those
that did report it lacked precision (e.g.,, “at least 48 hours after the final training session”).
Despite some data suggesting training-induced edema is unlikely to strongly influence
hypertrophy measurements (75-77), this area is underexplored and therefore the present
results should be interpreted with caution.

Finally, regarding strength outcomes specifically, the mean repetitions performed per set
for ‘direct’ sets in the included studies was 9.65 + 3.60 repetitions, with only 0.46 + 1.23 sets

of the 1.96 + 2.22 ‘direct’ sets performed per session being either 285% 1RM or <6 repetitions.
Thus, the level of specificity for maximum strength in the included studies may not reflect the
typical practices of strength athletes (e.g., powerlifters), and the results should therefore be
interpreted with caution. Future research may endeavor to investigate strength gains while
comparing different per-session volumes with generally heavier loads.

6 Conclusions

The relationship between per-session volume and hypertrophy is best represented by the
‘fractional’ set quantification method, counting direct and indirect sets as one and half a
set, respectively. There is a positive dose-response relationship with additional ‘fractional’
per-session sets leading to greater hypertrophy, although with a PUOS at approximately 11
‘fractional’ sets per session and greater uncertainty at higher per-session volumes. The
interaction between volume and frequency for hypertrophy is unclear and difficult to
study; novel research methods may be required to gain insight. The relationship between
per-session volume and strength gain is best represented by the ‘direct’ set quantification
method, counting only sets which are the same exercise as the tested strength assessment.
There is a positive dose-response relationship with more ‘direct’ sets leading to greater
strength gain, although with a PUOS at approximately 2 ‘direct’ sets per session and greater



uncertainty at higher per-session volumes. Based upon the results of the present study and

the parallel project from our laboratory (2), a program featuring low per-session volume
and an emphasis on frequency of approximately 2-3 sessions per week seems warranted
to maximize short-to-moderate term strength gain.
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