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Abstract

This study investigated the effects of increasing previous resistance training (RT) weekly set volume by 30% (G30) and 60%
(G60) on muscle hypertrophy and strength. Fifty-five resistance-trained men were randomly allocated to the experimental groups,
whereas 29 completed the study, as follows: control group (CON): n ¼ 10, G30: n ¼ 10, and G60: n ¼ 9. Participants underwent
a lower body RT program twice a week for 8 wk. We assessed pre- and poststudy thigh region-of-interest fat-free mass (ROI-
FFM), anterior thigh muscle thickness (MT) at two sites: proximal (PMT) and distal (DMT) and their sum (RMT), one-repetition max-
imum (1RM), and strength-endurance via repetitions to failure (RTF) at 70% of 1RM. ROI-FFM and MT demonstrated a significant
increase from pre- to posttraining (main time effect, P < 0.001) (DRMT CON: 1.07 cm, G30: 0.76 cm, and G60: 0.70 cm; DROI-
FFM CON: 1.57 kg, G30: 0.47 kg, and G60: 1.55 kg). All groups increased back squat 1RM (P < 0.0001). However, the main group
effect (P < 0.0268) indicated that the CON group showcased a greater overall 1RM (174.7 kg), than the G30 (159.0 kg) and G60
(149.0 kg). Only the G30 group increased RTF at the posttest (CON: 0.13 reps, G30: 5.45 reps, and G60: �0.41 reps) (P <
0.0263). Our findings suggest that trained males can experience significant muscle growth and strength adaptations while main-
taining their previous weekly set number above a certain weekly set volume threshold.

NEW & NOTEWORTHY Increasing previous resistance training volume by 30% (G30), 60% (G60), or maintenance (CON) on mus-
cular adaptations in trained individuals. Interestingly, CON group resulted in the greatest overall 1RM strength, whereas G30
showed the highest increase in repetitions to failure, with no differences between groups in muscle mass size. These findings
suggest that more is not always better for muscle adaptations in a trained cohort, highlighting muscle growth across a wide
range of weekly set numbers.

muscle hypertrophy; muscle strength; previous volume; strength endurance; weekly sets

INTRODUCTION

Resistance training (RT) volume, herein operationally
defined as the number of sets performed per week, seems to
be a crucial variable for eliciting increases inmuscle size and
strength adaptations (1–6). In addition, the dose-response
relationship between RT volume and muscular adaptations
in resistance-trained individuals has been a topic of interest
in the scientific community (2, 7–11).

Several studies have explored the effects of different RT
volumes on muscle hypertrophy with conflicting results in
trained cohorts (2, 7–13). For example, some studies reported
no statistical differences in muscle hypertrophy adaptations
when comparing low, moderate, and high weekly sets num-
bers (e.g., 3 to �37 weekly sets) (7, 8, 11). In contrast, other
studies have shown that high RT volume schemes (>24

weekly sets) enhanced growth in muscle thickness (MT) (2,
10). Nonetheless, most studies disregarded participants’ pre-
vious RT volume and prescribed absolute RT volume.

Whether previous training volume is a moderator of RT-
induced adaptations requires further scrutiny. However, par-
ticipants’ previous RT volume may hinder the precision of
the dose-response relationship betweenRT volume andmus-
cular adaptations in resistance-trained individuals engaged
in randomized controlled trials. Thus, accounting for previ-
ous RT volume allows for the standardization of incremental
changes in RT volume across individuals, ensuring consis-
tency in RT volume variations among the experimental
groups. For example, Brigatto et al. (10) found that RT vol-
umes of 24 and 32 weekly sets produced greater strength and
hypertrophic adaptations than 16 weekly sets. Nevertheless,
although the 24 and 32 groups increased their previous
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volume by �50% and �75%, respectively, the 16 group
reduced their previousRT volumeby�24%during the exper-
imental period. Therefore, when attempting to elucidate the
effects of different RT volumes on muscular adaptations in
trained cohorts without accounting for previous training vol-
ume, the sudden and uncontrolled changes between the pre-
vious and the actual RT volume implemented during the
experimental period canbias the observedoutcomes.

To our knowledge, only a few studies have accounted for
the participants’ previous RT volume (7, 13). Aube et al. (7)
randomized resistance-trained males counterbalanced by
previous training volume to low-, moderate-, and high-vol-
ume groups of 12, 18, and 24 weekly sets, respectively, over
an 8-wk study period. Despite differences in the volume
load, the authors observed similar hypertrophic adapta-
tions across conditions. In addition, Scarpelli et al. (13)
increased individual lower body RT volume by 20%, result-
ing in an average of 24 weekly sets, in contrast to a fixed set
number (22 weekly sets) in a within-subject design. They
found that the individualized approach enhanced hyper-
trophic adaptations, with no differences in the volume load
[i.e., sets � repetitions � load (kg)]. Their findings suggest
that individualized increases, in which no experimental
unit reduced their previous volume in the experimental pe-
riod, might lead to more positive hypertrophic adaptations.
However, it should be noted that they employed a single in-
crement (i.e., a 20% increase), which limited the explora-
tion of different individualized increases and their effects
on muscle hypertrophy.

Regarding strength adaptations, previous research has
also produced conflicting results in trained individuals
(1, 2, 7–10), further contributing to the complexity of this
topic. The findings of Aube et al. (7) suggest that the mid-
dle dose (i.e., 18 weekly sets) may optimize maximum
strength without hindering strength-endurance adapta-
tions. On the contrary, Marshall et al. (9) applied a 2-wk
washout period before the experimental intervention and
found that 16 weekly sets enhanced maximum strength
compared with 2 weekly sets. However, no statistical dif-
ferences were found between the 8 and 16 weekly sets.
More recently, Enes et al. (11) found that a group that
increased volume by 6 sets every 2 wk, resulting in an aver-
age of 37 weekly sets over the 12-wk study period, demon-
strated the greatest strength gains compared with a group
with an average of 32 sets and a group with a fixed volume
of 22 weekly sets.

To address the lacunae in the current literature, this study
investigated the effects of two individualized RT volume
increases based on prior weekly set number on lower-body
muscle strength, MT, and regional fat-free mass accretion
in resistance-trained individuals compared with a control
group that maintained their weekly sets. Considering the
studies cited, which suggest that increasing previous train-
ing volume in the experimental period might enhance
strength and hypertrophic adaptations, we hypothesized
that 1) individualized volume increases of 30% and 60%
would enhance regional-of-interest fat-free mass accretion
and MT adaptations compared with the control group, 2)
the 30% individualized increase would elicit superior max-
imum strength adaptation, and 3) the 60% increase would
elicit superior strength-endurance adaptations.

MATERIALS AND METHODS

Experimental Design

This study employed a parallel-group repeated-measures
design, with a counterbalanced randomization. Participants
were allocated to one of the three RT volume conditions
based on their quadriceps MT and previous self-reported
weekly set number for the quadriceps as follows: control
group (CON) maintained their previous volume, whereas
group 30 (G30) and group 60 (G60) increased their previous
weekly sets by 30% and 60%, respectively. We investigated
the effects of these three experimental conditions on maxi-
mum strength [one repetition maximum (1RM)], strength-
endurance via repetitions-to-failure (RTF) at 70% of 1RM,
thigh region-of-interest fat-free mass (ROI-FFM), and muscle
thickness (MT) at proximal (PMT) and distal (DMT) portions
of the anterior thigh in highly trained males (i.e., back squat
1RM:bodymass> 1.5). Participants trained twice a week for 8
wk (i.e., 16 sessions) on the squat, leg press, and leg extension
exercises. All dependent variables were assessed at baseline
(pre) and at least 48 h after the last training session (post).
Volume load (VL) [i.e., sets � repetitions � load (kg)] was
recorded. In addition, we assessed perceived training-related
exertion (RPE) and perceived recovery (PRS). PRS was col-
lected at the beginning of every training session, and RPE
was collected after the last set of every exercise. All testing
and training sessions took place in the Human Performance
Laboratory and were overseen by researchers and experi-
enced trainers.

Participants

Fifty-five resistance-trained participants (age range: 18.1–
36.7 yr) volunteered to participate in the study. The inclu-
sion criteria were as follows: males aged 18–40 yr; at least 3
yr of previous RT experience; and relative barbell back squat
strength of at least 1.5 times their body mass. Exclusion
criteria were as follows: current/history of joint pain (e.g.,
tendinitis); history of drug or alcohol abuse; daily usage of
NSAIDs, anticoagulants, or antiplatelet drugs; high blood
pressure; heart arrhythmias; or reported sensitivity to caf-
feine. Participants completed a form detailing their lower
body training log over a 3-wk period prior to the study to
assess their weekly quadriceps training volume. Participants
were then classified into terciles based on the total number
of sets performed per week for the quadriceps and the sum
of MT (RMT) of the anterior thigh (i.e., rectus femoris and
vastus intermedius) from largest to smallest values. Next,
the first three participants from each tercile were randomly
assigned to one of the three experimental groups, followed
by the next three, and so on. A Consolidated Standards of
Reporting Trials (CONSORT) flow diagram of the study is
presented in Fig. 1. Data from 55 participants, including 29 of
whom completed the study, were used for the statistical
analysis (Table 1). All procedures were approved by an insti-
tutional review board, and participants were required to
read and sign an informed consent before participating.

Sample Size Justification

Considering the training status of our population and the
small effects observed in trained cohorts, we did not calculate
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an a priori power analysis. However, we have conducted
power analyses using input values as our data from the pri-
mary (i.e., the sum ofMT) and secondary outcomes [i.e., maxi-
mum strength and repetitions to failure (RTF)]. We performed
1,000 simulations for each outcome with an increasingly
higher sample size until significant interaction effects were
achieved. We used the same statistical model for our simula-
tions (linear mixed model having group and time as fixed fac-
tors and participants as a random factor) as the one used for
data analyses. Alpha and Beta values were defined as 0.15 and
0.85, respectively. Input data included between-group aver-
age values at baseline and detectable differences at posttrain-
ing between the three experimental groups. A variance and
covariance matrix, modeled as autoregressive lag 1, was cre-
ated using values obtained from themixed-models Rmatrices
obtained in our data analysis. Input values for the dependent
variables were as follows: sum of MT: baseline 11.1 mm, de-
tectable difference 0.12 mm, variance 1.51, and autocorrela-
tion 0.74; maximum strength: baseline 150.5 kg, detectable
difference 20 kg, variance 794.41, and autocorrelation 0.83;
and RTF: baseline 18.04 repetitions, detectable difference

6.07 repetitions, variance 29.26, and autocorrelation 0.56.
Significant interaction effects were obtained with 300 par-
ticipants (Alpha ¼ 0.88), 10 participants (Alpha ¼ 0.98), and
100 participants (Alpha ¼ 0.86) for the sum of MT, maxi-
mum strength, and RTF, respectively. Due to inherent logis-
tical issues and a higher dropout rate due to the consequences
of the coronavirus pandemic, only a fraction of the partici-
pants needed for our primary outcome were recruited. All
analyses were run using PASS 2024, version 24.0.2.

Region-of-Interest Fat-Free Mass and Muscle Thickness
Assessments

A Lunar Prodigy dual-energy X-ray absorptiometry (DEXA)
apparatus (Hologic, Bedford, MA) was used to measure ROI-
FFM. The lower body was subdivided from the iliac crest to
the lateral condyle for each scan at pretesting and posttesting
(Fig. 2A). On the day of the scan, participants were strictly
instructed to come to the laboratory after refraining from
food and water for at least 10 h before the scan (14). Upon
entering the laboratory, participants were weighed on a me-
chanical scale and positioned on the bed of the DEXA
machine, laying supine with knees extended, and were
instructed to remain still for the entire duration of the scan.
Participants’ positions on themachine bed were recorded and
repeated to increase test-retest consistency. In addition, ROI-
FFM measures were acquired at pretesting and 48–72 h after
the last training session at approximately the same time
of the day. The same researcher performed each pre- and
posttraining ROImeasurement and was blinded to the experi-
mental groups. The measurement error for ROI-FFM was
assessed before the study using five participants with charac-
teristics similar to those of the current participants. The coef-
ficient of variation (CV), typical error (TE), and standard error
(SE) were 1.28%, 0.48 kg, and 0.95 kg, respectively.

Anterior thigh MT was measured using B-mode ultra-
sound (HS40; Samsung Healthcare, Ridgefield Park, NJ)
with a linear probe (LA3-16AD; Samsung Healthcare) with

Figure 1. CONSORT flow diagram.

Table 1. Characteristics of all subjects who completed
baseline testing

Variable Con G30 G60

n 21 16 18
Body mass, kg 79.03 ± 10.84 77.31 ± 8.65 77.44 ± 10.06
Age, yr 21.01 ± 1.66 21.91 ± 3.83 22.84 ± 4.61
BF% 13.07 ± 5.37 13.79 ± 3.47 14.14 ± 5.02
PSN, sets·wk�1 12.05 ± 9.22 14.47 ± 4.87 16.11 ± 8.27
SPS, sets·wk�1 12.1 ± 8.98 18.80 ± 6.22 25.22 ± 12.43
SETDIFF, sets·wk�1 0.05 ±0.38 4.33 ± 1.45 9.11 ± 4.28
Squat 1RM:BM, au 2.05 ±0.30 1.92 ±0.28 1.84 ±0.22

1RM:BM, squat one-repetition maximum to body mass ratio;
BF%, body fat percentage; PSN, previous set number performed
per week for the lower body; SETDIFF, number of sets added to
PSN for intervention protocol; SPS, weekly set number performed
during the study.
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frequency ranges between 8.0 and 12.0MHz. The femur length
wasmeasured in the sagittal plane from the greater trochanter
to the lateral condyle. Marks were made at 40% and 60% of
the total femur length (described in Ref. 7). The combined
thickness of the vastus intermedius and rectus femoris
muscles was measured at proximal (PMT, 40% of the femur
length) and distal (DMT, 60% of the femur length) sites. The
sum of both sites (RMT) was also used for further statistical
analyses. A water-soluble transmission gel (Aquasonic 100;
Parker Laboratories, Inc., Fairfield, NJ) was applied to the
probe, which was then placed on the skin with minimal pres-
sure to avoid depression of the muscle. Zoom and frequency
were adjusted until a clear picture of the femur and muscle
fascia could be seen. The MT was measured from the highest
point of the anterior curvature of the femur to the lower border
of themuscle fascia of the rectus femoris using a straight verti-
cal line (Fig. 2, B and C). Three measurements were taken at
each point, and the median value was used for further analy-
ses. All images were obtained from the anatomical right thigh.
All MT assessments were performed at a similar time of the
day at pretesting and posttesting to account for diurnal effects.
To minimize training-induced muscle swelling, images were
obtained before the commencement of any familiarization
procedures and 48–72 h after the last training session at the
end of the study. The same two researchers, who were blinded
to the experimental groups, performed pretraining and post-
training measurements, one researcher specifically responsi-
ble for handling the probe and the other performing the
measurements on the monitor. The measurement error for
MT was assessed before the study using five participants with
characteristics similar to those of the current participants. The
CV, TE, and SE for PMT and DMT were 0.54%, 0.03 cm, and
0.49 cm; and 1.56%, 0.12 cm, and 0.44 cm, respectively.

Maximum Strength Assessment

All participants completed one familiarization session for
the 1RM test, followed by baseline testing for 1RM and
strength-endurance interspersed by a minimum of 48 h
before the commencement of the study. At the start of every
session, participants performed a general warm-up consist-
ing of 3 min at�5.0 km·h�1 on a treadmill (Tuff Tread; White
Phoenix, LLC., Willis, TX). After the warm-up, participants
were given a thorough explanation of the testing procedures

including the 1RM squat and repetitions-to-failure at 70%
1RM (RTF). Participants performed maximum strength test-
ing on the barbell back squat to a depth of 100� of knee flex-
ion, measured as the angle between the femur and the fibula
using a goniometer. Briefly, the stationary arm of the goni-
ometer was placed parallel to the long axis of the femur
along a line extending from the greater trochanter to the lat-
eral condyle, and the moveable arm was placed parallel to
the long axis of the fibula in line with the head of the fibula
and the lateral malleolus. Squat depth was constrained to
100� knee flexion using an adjustable seat. Participants were
asked to “tap and go” to validate each repetition. Since this
sample consisted of experienced lifters, it was decided by
the researchers that interference with lifting technique
regarding stance, barbell placement, or repetition tempo,
aside from ensuring a range of motion, was not required.
Participants performed two warm-up sets on the back
squat using loads of 50% for eight repetitions and 70% for
three repetitions of their self-estimated 1RM load in the
familiarization session. Participants then had up to five
attempts to achieve their 1RM, of which the first attempt
was standardized to 90% of their estimated 1RM. A linear
position transducer (GymAware; Kinetic Performance
Technology, Canberra, Australia) was used to monitor the
intensity of each attempt based on the barbell velocity.
1RM load was determined when the subject reached volitional
failure (the individual’s inability to exert the required force to
complete the attempt with fully extended hips and knees). In
addition, RPE and barbell velocity were used as additional pa-
rameters to determine amaximumattempt. For example, after
a slow (<0.28 m·s�1) (15) or misgrooved attempt, barbell veloc-
ity and RPE were checked. Based on those parameters, the
research team decided whether the given attempt was deemed
a 1RM or if further testing was necessary. The heaviest weight
successfully lifted was used for statistical analyses. The mea-
surement error for 1RM was assessed during the two familiar-
ization sessions with all the participants who were tested for
1RM. The CV, TE, and SE for 1RM were 2.55%, 8.32 kg, and
3.91 kg, respectively.

Strength-Endurance Assessment

To prevent fatigue during the 1RM assessments, the
strength-endurance assessment was conducted only after

Figure 2. Overview of the region-of-interest fat-free mass (ROI-FFM) and anterior thigh muscle thickness. A: ROI-FFM. B: proximal muscle thickness. C:
distal muscle thickness assessments. RF, rectus femoris, VI, vastus intermedius.
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the second 1RM testing session. Therefore, we have not
assessed the measurement error for strength-endurance
assessment. Upon completion of the 1RM testing, partici-
pants were given a 5-min rest period, after which they were
asked to perform repetitions-to-failure at 70% of their 1RM
load on the Squat exercise. For a repetition to be valid, they
had to “tap and go” on the adjustable seat. Volitional failure
was reached when the subject could not exert the required
force to complete the repetition, rested for more than 2 s
between repetitions, or if the barbell velocity fell below 0.28
m·s�1 (15). Briefly, after a slow attempt, participants were
given a warning and spotters were given an indication to be
prepared. The test was concluded when the participants
reached volitional failure or if they took more than 2 s of rest
after a repetition.

Perceptual Assessments

Participants’ perceived recovery (PRS) was assessed upon
each subject’s entry to the laboratory and prior to the start of
training, and rating of perceived exertion (RPE) was meas-
ured after the last set of every exercise and at the end of the
training session (16, 17). The CR-10 is a numerical scale rang-
ing from 0 to 10, where 10 represents the strongest effort or
exertion someone can experience, whereas 0 implies no
exertion at all. The PRS scale is also a single item 0 to 10
scale, where 10 indicates optimal recovery and performance
and 0 represents poor recovery and potentially reduced per-
formance. Instructions and procedures for using the RPE
and PRS scales were given to all individuals during the famil-
iarization sessions. In addition, all assessments were per-
formed in isolation from other participants to ensure
accuracy. The perceptual assessments of the two different
training blocks (i.e., first and second half) were averaged for
further analysis.

Training Intervention

Participants underwent an 8-wk hypertrophy-oriented
lower-limb RT program performed twice per week, totaling
16 sessions per subject. Upon entry to the laboratory, par-
ticipants were given a standardized half serving of pre-
workout supplement containing 175 mg of caffeine (Pulse;
Legion Athletics Inc., Clearwater, FL) to ensure similar
performance during every training session and prevent a
possible confounding variable due to supplementation
strategies among participants. The same warm-up protocol
as 1RM testing described earlier was utilized (e.g., light jog-
ging at �5.0 km·h�1 on a treadmill, followed by two warm-
up sets), with the use of an adjustable seat for back squat
training, except that warm-up loads were calculated using
the targeted load for that training day instead of their 1RM.
All experimental groups performed the same exercises at the
same repetition ranges and level of effort. The only differ-
ence between groups was the change in total number of sets
performed for the quadricepsmuscle per week relative to the
sets performed prior to the study (i.e., no change control,
30% increase, and 60% increase groups). Sets were divided
equally between the back squat, leg-press, and knee exten-
sion exercises, and all participants were strictly instructed to
refrain from performing any additional lower body exercises
outside of the prescribed training intervention. In addition,

to reduce the likelihood of dropouts and prevent participants
from training the lower body outside of the laboratory, all
participants were prescribed an equalized and standardized
set and repetition scheme for posterior thigh muscles in the
form of Romanian deadlift and glute-ham raise exercises.
However, volume load has been calculated and only pre-
sented for the exercises targeting the quadriceps exclusively.

Since muscle strength is highly influenced by exercises
and loading patterns of the training protocol, our training
sessions alternated between lower-repetition days (e.g., 6–8)
and higher repetition days (e.g., 12–15) for quadriceps exer-
cises during the first and second training sessions of the
week, respectively. The termination criterion for the set was
established when the participant subjectively reached two
repetitions in reserve (RIR) (18). The exception to this was
the final set of each exercise in every training session, which
was performed to volitional concentric failure, meaning that
the participant could no longer exert the necessary force to
complete the repetition while fully extending their knees
and hips. If the participants were unable to complete the
target repetitions, the load was decreased for the next set.
Conversely, if the participants were able to complete the
prescribed repetitions with ease, the set was terminated at
the higher end of the repetition range for that day and the
load was increased for the next set. A 2-min and 3-min rest
interval was provided between sets and exercises, respec-
tively. Participants were asked to report their RPE for the
average of all sets for each exercise as soon as they com-
pleted the last set to gauge future session load adjustments.
To help ensure proper nutrition throughout the experimen-
tal period, participants received a postworkout supplement
on training days containing 22 g of protein and 2 g of carbo-
hydrate (Wheyþ ; Whey Isolate Protein Powder; Legion
Athletics Inc., Clearwater, FL) under the supervision of the
research staff.

Statistical Analyses

To reduce potential bias, we implemented blinding proce-
dures in both the data acquisition and analysis. Apart from
the blinding procedures for ultrasound and ROI measure-
mentsmentioned earlier, one researcher conducted the statis-
tical analyses in a blinded manner. Following the completion
of the analyses, another researcher unveiled the correct data-
set. Unfortunately, due to operational constraints, blinding
was not feasible for the strength-related assessments, which
may introduce some level of bias in thesemeasures.

Normality (i.e., Shapiro–Wilk) and variance (i.e., Levene)
assurance were first checked for all variables. For total vol-
ume load (i.e., sets � reps � load), a one-way ANOVA was
used to determine the difference between groups. A mixed-
model analysis was performed for all dependent variables
(i.e., RPE, PRS, ROI-FFM, MT, RM, and RTF) using an inten-
tion-to-treat approach and a per-treatment approach (19),
assuming group (CON, G30, and G60) and time (pre and post)
as fixed factors and subject as a random factor. Whenever a
statistically significant F-value was obtained, simple contrasts
using a Bonferroni correction were implemented for multiple
comparison purposes. The data were analyzed with and with-
out dropouts usingmixedmodels. Since dropouts could affect
the statistical findings, we reported the intention-to-treat
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model in RESULTS. This decision was based on the fact that we
had an unusual dropout rate (�45%) due to COVID. Most of
the dependent variables had no differences in the results
between the intention-to-treat and per-treatment approaches.
However, trends were observed for a main group effect (P ¼
0.067) and a group-by-time interaction (P ¼ 0.057) for 1RM
and RTF, respectively, which the intention-to-treat model
confirmed. In addition, we reported estimated differences as
well as upper and lower limits of 95% confidence intervals of
the between-group and within-group absolute differences
(95% CIdiff). Within-group effect sizes (ESs) were calculated as
follows: mean posttest minus mean pretest values divided by
the pooled prestandard deviation (SD) (20). Furthermore, an
ANCOVA was run on all dependent variables having the total
volume load and baseline values for all dependent variables as
covariates.Although twocovariateswere significant (i.e.,RMT:
P¼ 0.03 and RTF: P¼ 0.005), they did not change posttesting
comparisons between groups being the reason why ANCOVA
results were not presented. The statistical significance level
was set ata¼0.05.Results are expressedasmeans±SD.

RESULTS

Volume Load and Perceptual Assessments

Total volume load between groups was as follows: CON:
394,505 kg [95% CI: 145,735 to 643,275 kg], G30: 411,667 kg
[95% CI: 311,581 to 511,754 kg], G60: 496,328 [95% CI: 355,466
to 637,189 kg]. There were no significant differences in vol-
ume load between groups (P> 0.05). The average weekly vol-
ume load throughout 16 sessions for the experimental
groups is presented in Fig. 3. Regarding perceptual assess-
ments, there was a main time effect (P < 0.0001), indicating
that RPE in the second half of the study was higher than that
in the first phase (estimated difference: 0.38 au, 95% CI: 0.38
to 0.39 au) (CON: first half: 8.38 au, second half: 8.55 au; G30:
first half: 8.29 au, second half: 8.76 au; and G60: first half:
8.06 au, second half: 8.59 au). However, there were no signif-
icant differences in PRS between the groups or time points
(P > 0.05) (CON: first half: 7.83 au, second half: 7.64 au; G30:
first half: 7.95 au, second half: 7.93 au; and G60: first half:
7.48 au, second half: 7.67 au).

Region-of-Interest Fat-Free Mass and Muscle Thickness

For ROI-FFM, the mixed-model analysis revealed a main
time effect (P< 0.0001) (estimated differences: 1.35 kg [95% CI:
1.33–1.36 kg]). However, no group (P > 0.05) or group-by-time
interaction (P > 0.05) was observed (estimated within-group
differences were: CON: 1.7 kg, G30: 1.1 kg, and G60: 1.2 kg)
(Table 2). Pairwise between groups: CON versus G30: 0.90 kg
[95% CI: 0.63–1.18 kg, P ¼ 0.32]; CON versus G60: 0.97 kg [95%
CI: 0.71–1.24 kg, P ¼ 0.23]; and G30 versus G60: 0.07 kg [95%
CI:�0.21 to 0.35 kg, P¼ 0.94].

Regarding MT, there was amain time effect (P� 0.001) for
PMT, DMT, and RMT (estimated differences: PMT: 0.48 cm
[95% CI: 0.48 to 0.49 cm]; DMT: 0.38 cm [95% CI: 0.37 to
0.39 cm]; and RMT: 0.87 cm [95% CI: 0.86 to 0.89 cm]). In
addition, no group (P > 0.05) or group-by-time interaction
(P > 0.05) was observed for PMT, DMT, and RMT (estimated
within-group differences were: PMT: 0.56 cm, 0.37 cm, and
0.48 cm; DMT: 0.43 cm, 0.35 cm, and 0.36 cm, and RMT:
1.00 cm, 0.73 cm, and 0.87 cm for CON, G30, and G60,
respectively) (Table 2). Pairwise between groups: PMT-CON
versus G30: 0.07 cm [95% CI: 0.006 to 0.15 cm, P ¼ 0.74];
CON versus G60:�0.02 [95% CI:�0.04 to 0.10 cm, P¼ 0.90];
G30 versus G60: �0.10 cm [95% CI: �0.18 to �0.03 cm, P ¼
0.66]; DMT-CON versus G30: 0.08 cm [95% CI: 0.008 to
0.15 cm, P ¼ 0.73]; CON versus G60: �0.002 cm [95%
CI: �0.07 to 0.07, P ¼ 0.99]; G30 versus G60: �0.08 cm [95%
CI: �0.15 to �0.003 cm, P ¼ 0.75]; RMT-CON versus G30:
0.16 cm [95% CI: 0.02 to 0.30 cm, P ¼ 0.72]; CON versus G60:
�0.03 cm [95% CI: �0.10 to 0.17, P ¼ 0.94]; and G30 versus
G60:�0.08 cm [95% CI:�0.34 to�0.04 to cm, P¼ 0.68].

Individual responses for each experimental condition
(CON, G30, and G60) are visualized using a bubble scatter
plot (Fig. 4). The plot highlights the relationship between
changes in ROI-FFM and RMT, whereas bubble size repre-
sents the total volume load. The density curves overlaying
the scatter plot represent the distribution of changes within
each group, providing additional information about the vari-
ability across conditions. In addition, the figure illustrates a
strong relationship between the delta-change in ROI-FFM
and RMT assessments (r ¼ 0.71, P< 0.05). A qualitative anal-
ysis of Fig. 4 suggests that the changes in muscle mass

Figure 3. The average weekly volume load for the interven-
tion exercises throughout 16 sessions across experimental
groups. Control group (CON—blue line), 30% increase in the
number of sets (G30—orange line), and 60% increase in the
number of sets (G60—green line).
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accrual indices do not appear to be associated with the total
volume load.

Maximum Strength and Strength Endurance

For 1RM, there was a main time effect (P < 0.0001) (esti-
mated differences: 21.47 kg [95% CI: 21.27 to 21.66 kg]). Our
analysis also revealed a main group effect (P < 0.0268) in
which the CON group had higher 1RM values compared with
G30 and G60 (Table 3). Pairwise between groups: CON versus
G30: 15.6 kg [95% CI: 12.8–18.5 kg, P ¼ 0.09]; CON versus
G60: 24.7 kg [95% CI: 22.0 to 27.5 kg, P¼ 0.008]; and G30 ver-
sus G60: 9.1 kg [95% CI: 6.1–12.0 kg, P¼ 0.61].

For strength endurance, there was a group-by-time interac-
tion (P < 0.0263) in which only the G30 group increased the
number of RTF (estimated within-group differences: CON: 0.13
reps [95% CI:�1.19 to 1.46 reps]; G30: 5.45 reps [95% CI: 4.04 to
6.87 reps]; and G60: �0.41 reps [95% CI: �1.81 to 0.99 reps])
(Table 3). Pairwise between groups: CON versus G30:�3.4 reps
[95% CI: �3.9 to �2.9 reps, P ¼ 0.05]; CON versus G60: �0.95
reps [95% CI: �1.5 to�0.4 reps, P ¼ 0.57]; and G30 versus G60:
2.4 reps [95%CI: 1.9 to 3.0 reps, P¼ 0.17].

Individual responses for each experimental condition
(CON, G30, and G60) are visualized using a bubble scatter
plot in Fig. 5. The plot highlights the relationship between

changes in squat 1RM load and RTF at 70% of 1RM, whereas
the bubble size represents the total volume load. The density
curves overlaying the scatter plot display the distribution of
changes within each group, providing additional informa-
tion about the variability across conditions. In addition, the
plot demonstrates a lack of statistical agreement between
maximum strength and strength endurance (P > 0.05). In
addition, a qualitative analysis suggests that total volume is
not a factor modulating the changes in 1RM load and repeti-
tions to failure.

DISCUSSION

This study compared the effects of three individualized
RT volume increments (i.e., 0%, control; 30%, G30; and 60%,
G60) based on weekly set numbers performed prior to the
commencement of the study on lower-body muscular adap-
tations in resistance-trained individuals. We have not con-
firmed our hypothesis that individualized volume increases
would elicit superior hypertrophic adaptations than the con-
trol group. Regarding maximum strength, whereas P value
did not reach significance for a traditional post hoc analy-
sis between G30 and G60, the 95% CI between these groups
in the posttest suggests a meaningful difference likely

Table 2. Region-of-interest fat-free mass and muscle thickness assessments (means ± SD)

Variable Group Pre (n) Pre Post (n) Post* 95% CIdiff ES

ROI-FFM, kg CON 21 26.40 ± 2.43 10 27.97 ± 2.78 1.44–1.99 0.62
G30 15 25.82 ± 2.92 10 26.29 ± 2.76 0.78–1.33 0.17
G60 18 25.65 ± 2.68 9 27.20 ± 2.72 0.97–1.55 0.58

PMT, cm CON 21 6.22 ±0.78 10 6.85 ±0.77 0.42–0.71 0.81
G30 16 6.23 ±0.61 10 6.62 ±0.70 0.24–0.53 0.60
G60 18 6.28 ±0.76 9 6.76 ±0.87 0.34–0.65 0.59

DMT, cm CON 21 4.85 ±0.73 10 5.30 ±0.98 0.27–0.58 0.54
G30 16 4.81 ± 0.67 10 5.18 ± 0.45 0.19–0.50 0.62
G60 18 4.88 ±0.78 9 5.10 ± 0.83 0.20–0.53 0.27

RMT, cm CON 21 11.08 ± 1.49 10 12.15 ± 1.59 0.73–1.28 0.70
G30 16 11.05 ± 1.25 10 11.81 ± 1.09 0.46–1.01 0.64
G60 18 11.17 ± 1.49 9 11.87 ± 1.67 0.58–1.16 0.45

RMT, sum of proximal and distal muscle thickness assessments; DMT, distal muscle thickness; PMT, proximal muscle thickness; ROI-
FFM, region-of-interest fat-free mass. �Main time effect, posttest values greater than pretest ones (P � 0.001).

Figure 4. Delta change in fat-free mass and mus-
cle thickness per participant. Scatterplot of individ-
ual changes in muscle thickness plotted against
the change in region-of-interest fat-free mass. The
size of the marker indicates the subject’s volume
load. Density plots for the responses are plotted
on respective axis spines. �P< 0.05.
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surpassing the measurement error (G30 vs. G60: 9.1 kg
[95% CI: 6.1–12.0 kg], P ¼ 0.61). Therefore, our data do not
support the hypothesis that a 30% individualized increase
would elicit superior maximum strength adaptation, as
CON demonstrated greater aggregate maximum strength
than G30 and G60. In addition, contrary to our hypothesis,
only G30 statistically improved strength endurance from
pre- to posttraining, with significantly higher repetitions-
to-failure values than the CON and G60 groups.

Regional fat-free mass and MT significantly increased
from pre to post for all groups, with a pooled mean increase
of �1.20 kg (4.6%) and �0.85 cm (7.0%) for ROI-FFM and
RMT, respectively. These adaptations align with previous
research that examined the impact of varying RT volumes
on these metrics in resistance-trained individuals during a
similar training duration (7).

The literature on RT volume has yielded conflicting find-
ings for hypertrophic outcomes in trained cohorts (2, 7, 8, 10,
11). For instance, although Schoenfeld et al. (2) and Brigatto
et al. (10) observed a dose-response relationship that favored
higher RT volumes, the current study, Ostrowski et al. (8)
and Aube et al. (7) did not show benefit from increased RT
volumes. More recently, Enes et al. (11) found that a group
that increased their sets by six every 2 wk, reaching 52
weekly sets in the last 2 wk of the study (with an average of
37 weekly sets), demonstrated a small advantage in muscle
mass accrual compared with a group utilizing fixed volume
of 22 weekly sets. It is noteworthy to mention that despite
measuring vastus lateralis and vastus intermedius MT, the

absolute raw change in the RMT and ESs between Enes et al.
(11) highest volume group and our control group were almost
identical (e.g., 1.06 cm; 0.74 vs. 1.07 cm; 0.74, respectively).
Nevertheless, caution should be exercised when attempting
to directly compare absolute MT changes across studies due
to different exercises andmeasurement techniques used.

Thus far, Schoenfeld et al. (2), Brigatto et al. (10), and Enes
et al. (11) have employed the highest RT volumes reported in
the literature exceeding 30 weekly sets. In our individualized
design, although some participants exceeded 30 weekly sets,
this current study, along with other studies, has incorpo-
rated lower RT volumes in their higher volume experimental
groups, averaging around 24 weekly sets (7, 8, 12). However,
only Brigatto et al. (10) and Aube et al. (7) reported partici-
pants’ previous RT volumes. Regardless of their approach to
address this potentially confounding factor, their previous
volume analyses (7, 10) indicated that individuals assigned
to a low-to-moderate RT volumemay have reduced their pre-
vious weekly set number during the experimental period,
which could explain some of the observed outcomes. In
addition, in the current study and Aube et al. (7), partici-
pants had a notably high 1RM baseline compared with other
studies (2, 10). It could be argued that as individuals become
stronger, their responses to varying RT volumes may be
hampered (i.e., smaller adaptation window) compared
with their less strong counterparts. However, whether
baseline strength influences RT-induced hypertrophic
adaptations and its underlying mechanisms warrants fur-
ther investigation.

Figure 5. Delta change in repetition to failure
and one-repetition maximum (1RM) per partici-
pant. Scatterplot of individual changes in one-
repetition maximum plotted against the change
in repetitions to failure. The size of the marker
indicates the subject’s volume load. Density
plots for the responses are plotted on respec-
tive axis spines.

Table 3. Maximum strength and strength-endurance test assessments (means ± SD)

Variable Group Pre (n) Pre Post (n) Post* 95% CI ES

1RM, kg CON 21 161.90 ± 33.16 10 193.70 ± 44.52 21.10–30.00 0.86
G30 16 147.70 ± 23.76 10 165.55 ± 25.81 17.98–27.39 0.73
G60 18 141.87 ± 22.10 9 156.98 ± 18.49 11.47–20.85 0.72

RTF, reps CON 21 17.38 ± 5.04 10 18.20 ± 4.89 �1.19 to 1.46 0.16
G30 16 18.12 ± 6.11 10 22.88 ± 5.96 4.04–6.87�† 0.79
G60 18 18.61 ± 5.50 9 18.66 ± 4.69 �1.81 to 0.99 0.01

1RM, one-repetition maximum; RTF, repetitions to failure. �Significantly different from pretraining values (P < 0.05); †Significantly
different from the CON and G60 groups at the posttraining assessment (P < 0.05).
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Moreover, along with Scarpelli et al. (13), the current study
is one of the two studies that have utilized resistance-trained
participants’ weekly sets before the commencement of the
study to prescribe individualized RT volume during the ex-
perimental period. Scarpelli et al. (13) employed a within-
subject design in which one leg increased 20% of their previ-
ous weekly set number, resulting in an average of 24 weekly
sets compared with a fixed RT volume set at 22 weekly sets.
Despite no differences in volume load, they found that indi-
vidualized volume elicited greater hypertrophic adaptations
than the fixed volume approach. Herein, we employed a par-
allel group design, with one group maintaining their previ-
ous weekly set number (�14 sets per week), whereas two
other groups followed individualized progressions of 30%
and 60%, resulting in averages of �19 and �24 weekly sets,
respectively. Contrary to the findings of Scarpelli et al. (13),
we did not observe adaptations in MT and ROI-FFM favoring
higher RT volume changes. The parallel group design and
the high attrition in our study may have decreased the preci-
sion of our MT and ROI-FFM estimates compared with
Scarpelli et al. (13).

Regarding improvements in maximal strength, the groups
exhibited increases in back squat 1RM performance with
pooled mean increases of �22kg (�14%). Despite only signifi-
cant main effects for time and group, the CON group
improved the most, with a mean absolute change of 32 kg
(�19%). Moreover, a between-group mean difference of 95%
CIs indicated differences between CON and both G30
(7.7 kg to 26.3 kg) and G60 (20.3 kg to 38.5 kg) in the
posttests. Intriguingly, our findings suggest that maximal
back squat strength can be improved with no change in
lower-body quadriceps RT volume. However, the lack of a
significant group-by-time interaction, coupled with similar
pre- to posttest ESs between groups (CON ¼ 0.86; G30 ¼
0.73; and G60 ¼ 0.72), suggests that the group effect may
have been influenced by a slight imbalance between
groups, although not statistically significant, in the pretest.

Previous studies investigating the dose response between RT
volume and changes in 1RM have produced conflicting results
that could be attributed to some participants receiving either
an insufficient or excessive weekly set volume compared with
their acclimated RT volume (2, 7–10). Regardless of whether
the volume was prescribed in relative or absolute terms, a
broad analysis of existing literature suggests that employing a
range of 14–18 weekly sets could potentially augment 1RM per-
formance among trained individuals. For example, the most
substantial absolute increases in 1RM have been reported in
studies by Marshall et al. (9), Aube et al. (7), and the present
investigation, revealing improvements of 37 kg, 26 kg, and
32 kg, respectively, in experimental groups executing 16, 18,
and �12 weekly sets. However, adding more complexity to this
topic, a recent study (11) reported that increasing RT volume by
6 sets every 2 wk, reaching 52 weekly sets in the last 2 wk,
increased 1RM by 26 kg. These findings suggest a wide range of
RT volumes in which trained individuals could increase their
maximum strength without detrimental effects in relatively
short-termRT programs (8–12 wk).

Regarding strength endurance, as measured by repeti-
tions-to-failure at 70% of 1RM, the only group that exhibited
improvements was the G30 cohort, demonstrating an aver-
age increase of �5.5 repetitions (�26%). The paucity of

available data hinders the ability to reconcile the existing lit-
erature concerning RT volume and its impact on strength
endurance. To date, the investigations by Schoenfeld et al.
(2) and Aube et al. (7) were the only studies exploring the
effects of varying RT volumes on RTF; both observed no dif-
ferences among weekly volumes. Although our findings sug-
gest a potential benefit from a relative increase of 30% and
enhanced performance in RTF, a plausible explanation for
this outcome remains elusive. Alternatively, one could spec-
ulate that a small-to-moderate increase in weekly sets (30%)
may add an additional stimulus to increase maximum
strength, whereas a large increase in weekly sets (60%) may
have produced high levels of residual fatigue during and af-
ter each training session, hindering the ability to further
increase maximum strength over the training period. Thus,
further research is required to shed light on the intricate
relationship between absolute RT volume, progression of RT
volume, and strength endurance.

Similar to RTF, longitudinal data on the perceptual responses
to different weekly sets in resistance-trained individuals are
limited. Our analysis revealed a main time-effect for RPE (P <
0.0001), indicating that sessions were more difficult in the sec-
ond half of the study than the first half (8.6 au vs. 8.2 au); how-
ever, no between-group differences were observed in perceived
recovery. Aube et al.’s study (7) was the only study to explore
the effects of absolute RT volumes on perceptual measures of
RPE and pleasure [i.e., feeling scale by Hardy and Rejeski (21)].
Although the researchers found no differences within or
between groups on any of the perceptual responses, we
observed an increase in RPE over time. Although the lack of sta-
tistical differences in volume load among the groupsmight par-
tially explain our RPE findings, the capacity to accommodate
different RT volumes appears to be on a per-individual basis;
this aspect, coupled with the short-term nature of our study
design, warrants cautious interpretation of our outcomes of per-
ceptual responses. In addition, the current knowledge on the
perceived recovery scale does not allow for establishing rela-
tionships between direct indices of muscle strength/endurance
recovery (e.g., central fatigue, excitation-contraction coupling,
etc.) and pretraining session values of the perceived recovery
scale.

LIMITATIONS

Certainly, our study has limitations thatmust be addressed.
First, our results are specific to lower-body training in young
resistance-trained males. Further research is needed to deter-
mine if other heads of the quadriceps, muscle groups, and
exercises respond similarly, as well as how this might affect
other populations, such as women or older adults. Second,
although participants’ previous set number varied from 6 to
48 weekly, our findings might be restricted to individuals per-
forming a moderate volume (average of 14 weekly sets) before
the study. For example, on average, the G60 group in the cur-
rent study yielded a weekly set number similar to Scarpelli et
al. (13) in which a 20% increase resulted in an average of �24
weekly sets. Moreover, due to the participants’ previous train-
ing volumes and the current study’s design, the number of
sets per training session varied considerably, ranging from 3
to 24 sets across participants. Therefore, the relationship
between session volume allocation and its effects onmuscular
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adaptations in trained cohorts remains an area of interest that
warrants creative research designs and further investigation.
Third, our study employed a short-term intervention and
thus cannot be extrapolated to training over longer periods.
In addition, the strength gains of �22 kg (�14%) observed
within this short timeframe could reflect acclimatization to
the tap-and-go seat used throughout the training program.
Fourth, although we standardized protein supplementation
and encouraged participants to consume adequate protein
and calories throughout the study, we did not control or mon-
itor nutritional intake, which may impair ROI-FFM, MT, and
performance improvements. Fifth, when attempting to stand-
ardize supplementation in a population that consumes a vari-
ety of supplements, it should be noted that experience and
responses to caffeine vary significantly. This variability could
potentially lead to different effects in naïve versus accus-
tomed participants. However, the estimated values and ESs
observed were similar to those in studies that used higher RT
volumes. Sixth, although ultrasound MT strongly correlates
withMRI cross-sectional area assessments [Franchi et al. (22)],
it is important to point out that it measures only one dimen-
sion of the muscle growth, rather than two or three dimen-
sions as CSA (i.e., thickness and width) and volume (i.e.,
thickness, width, and length) measurements, respectively.
Finally, data collection occurred during the pandemic, lead-
ing to a suspension and resumption of the project 1 yr later.
This circumstance, combined with a very specialized popula-
tion, resulted in a substantial dropout rate, increasing data
variability. In addition, the power analysis indicated that our
study was underpowered for our primary outcome. The
observed effects are too small in the trained cohorts, posing
logistical challenges to our ability to detect statistically signifi-
cant interactions. Therefore, future studies should consider
alternative experimental designs and statistical models when
studying trained populations with limited sample sizes.

Conclusions

Our research suggests that maintaining a moderate (�12
weekly sets) RT volume has no adverse effect on medial
quadriceps hypertrophy, showing muscle growth compara-
ble to increased volume schemes provided a high level of
effort is sustained (i.e., 0–2 RIR) in resistance-trained males.
Yet, maintaining a moderate volume appears to produce a
greater overall 1RM back squat performance compared with
increasing weekly set volume by 30% or 60%. In addition,
maintaining or increasing the weekly set number by 60%
showed no effect on strength endurance. Conversely, a 30%
increase appears to increase the number of repetitions per-
formed to failure at 70% of 1RM in the back squat exercise.
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