
P. Marchetti, R. Ruswick, C. Stas, C. Lopes

114

MULTIPLE-SET RESISTANCE TRAINING ...

OPEN ACCESS
Submitted: 26 September 2025

Accepted: 25 November 2025

ORCID
Paulo Marchetti  

https://orcid.org/0000-0002-2016-936X 
Rex Ruswick 

https://orcid.org/0009-0004-7457-0089
Cite this article as:

Marchetti, P., Ruswick, R., Stas, C., 
Lopes, C. (2025).

Multiple-set resistance 
training: immediate changes in muscle 

thickness, echo-intensity, force 
production, and perception of eff ort.
Journal of Applied Sports Sciences, 

9(2), pp. 114 - 125.
DOI: 10.37393/JASS.2025.09.02.8

This work is licensed under 
a Attribution-Non

Commercial-ShareAlike 4.0 
International (CC BY-NC-SA 4.0)

114

Article Classifi cation: 
Research article MULTIPLE-SET RESISTANCE 

TRAINING: IMMEDIATE CHANGES IN 
MUSCLE THICKNESS, ECHO-
INTENSITY, FORCE PRODUCTION, 
AND PERCEPTION OF EFFORT 
Paulo Marchetti1, Rex Ruswick1, Colin Stas1 & Charles 
Lopes2

1Resistance Training Laboratory. Department of Kinesiology, 
California State University-Northridge, Northridge, CA,
United States of America

2School of Physical Education, Pontifi cal Catholic University 
of Campinas (PUCCAMP), Brazil, Campinas, Brazil

ABSTRACT
This investigation examined how performing multiple-set resistance train-

ing (RT) acutely infl uences maximal repetitions (MNR), muscle thickness (MT), 
echo intensity (EI), peak force (PF), and perceived exertion (RPE) in recreation-
ally trained subjects. Twenty-one recreationally resistance-trained subjects (16 
males and fi ve females) performed a unilateral biceps curl with eight sets of 
10RM, and 2-minute rest. During each set, MNR was recorded, and RPEset was 
assessed. PF at 90° elbow fl exion and ultrasound measurements of the elbow 
fl exors (MT and EI) were obtained before and immediately after each set of the 
RT session. Session RPE (sRPE) was reported 15 minutes after completion of 
the RT session. One-way ANOVAs were used to examine diff erences across sets 
for all dependent variables. Findings showed a progressive rise in RPEset, MT, 
and EI across sets, while both MNR and PF declined (p < .05). In summary, 
performing multiple RT sets reduced MNR and PF but elevated RPEset, EI, and 
MT, with MT stabilizing after the fi fth set. Coaches should prioritize not only the 
chronic eff ects of RT but also the eff ective prescription and control of each RT 
session by implementing multiple sets per exercise, monitoring physical perfor-
mance and perceived exertion to regulate neuromuscular fatigue, emphasizing 
high-intensity loading, and ensuring adequate recovery to maximize muscle re-
sponses after each RT session.

Keywords: neuromuscular fatigue, muscle performance, muscle pump, 
muscle image, muscle performance.

INTRODUCTION
Resistance training (RT) is well established 

as an eff ective strategy to enhance skeletal 
muscle function, improve performance, and 
support overall health (American College of 
Sports, 2009). Evidence indicates that mul-
tiple-set RT protocols are typically more ef-
fective than single-set approaches for stimu-
lating hypertrophy and strength gains, likely 
because they impose greater metabolic stress, 
mechanical loading, and neuromuscular de-

mand (Schoenfeld et al., 2019; Schoenfeld et 
al., 2017). Although the long-term benefi ts of 
multiple-set RT are well documented, less is 
known about the immediate, set-by-set eff ects 
of training volume. In a recent study (Marchetti 
et al., 2023), resistance-training sessions with 
varying set numbers and non-equalized vol-
ume were examined for their eff ects on muscle 
thickness, force output, and perceived exertion 
in recreationally trained subjects. Fifteen sub-
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jects performed unilateral biceps curl exercises 
under four different protocols: (i) G4: 4 sets of 
10RM; (ii) G8: 8 sets of 10RM; (iii) G12: 12 
sets of 10RM; and (iv) G16: 16 sets of 10RM. 
The variables analyzed included the average 
number of repetitions (ANR), total number of 
repetitions (TNR), time under tension (TUT), 
muscle thickness (MT), peak force (PF), and 
rating of perceived exertion (RPE), assessed 
pre- and post-intervention. Their findings 
showed that average repetitions (ANR) de-
creased as the number of sets increased (nota-
bly in G8, G12, and G16 compared with G4). In 
contrast, the total number of repetitions (TNR) 
rose progressively with greater set volume. 
TUT increased across protocols, both between 
the first and last set and across conditions at 
the final set. PF significantly decreased from 
pre- to post-test in all protocols, with addition-
al between-group differences at post-test (G4 
× G12, G4 × G16, and G8 × G16). MT signifi-
cantly increased across all protocols, where-
as session RPE did not differ among them. In 
summary, higher-volume RT protocols result-
ed in a lower ANR but greater total repetitions 
and TUT, along with a more pronounced re-
duction in force production. Nevertheless, all 
RT protocols elicited significant increases in 
MT, with no differences in session RPE. Such 
acute responses to RT—namely alterations 
in MT, EI, and PF—provide insight into the 
physiological processes that may drive long-
term adaptations. This study is novel in that 
it examines the progression of these variables 
during an RT session, rather than simply com-
paring pre- and post-session measurements. 
Nonetheless, the progressive set-by-set impact 
during a single training session remains poor-
ly understood (Abe et al., 2014; Schoenfeld, 
2010, 2013; Schoenfeld & Contreras, 2014). 
These short-term changes depend on sever-
al training variables—such as load intensity, 
rest duration, repetition number, cadence, and 

particularly the total sets performed within a 
session (Krieger, 2010; Radaelli et al., 2015). 
Acute increases in MT likely reflect exer-
cise-induced swelling, a temporary response 
linked to cell hydration and mechanical load-
ing (Abe et al., 2014; Loenneke et al., 2011). 
Similarly, alterations in EI, assessed via ultra-
sound imaging, can indicate acute changes in 
muscle composition, fluid distribution, and in-
tramuscular edema (Stock & Thompson, 2021; 
Wong et al., 2020a). Functional markers, such 
as force production, provide complementa-
ry information on neuromuscular fatigue and 
recovery, reflecting the immediate impact of 
RT on performance capacity (Pareja-Blanco 
et al., 2020). A clearer understanding of these 
acute set-by-set responses may help clarify 
the mechanisms of adaptation and inform op-
timal RT prescriptions. Accordingly, this study 
sought to analyze how multiple RT sets acutely 
affect MNR, MT, EI, PF, and RPE in recre-
ationally trained subjects. We hypothesized 
that (1) MNR and PF would decline with suc-
cessive sets, (2) RPE would rise progressively, 
and (3) both MT and EI would show cumu-
lative increases across sets. Clarifying how 
training volume is affected by preceding sets 
may improve understanding of acute structural 
and functional changes in muscle, with practi-
cal implications for designing RT sessions to 
optimize performance.

METHODOLOGY
Subjects
The number of subjects was determined in 

a previously conducted pilot study, based on 
an effect size difference of 0.75, a significance 
level of 5%, and a power of 80% derived from 
the muscle thickness of subjects with charac-
teristics similar to those in the present study. 
(Eng, 2003). Twenty-one resistance-trained 
subjects were recruited to this study (16 males 
and five females; age 24 ± 2.5 years, total body 
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mass 75.1 ± 11.4 kg, height 171.7 ± 8.8 cm). 
All subjects were regularly engaged in an RT 
program and familiar with the unilateral bicep 
curl exercise. They had 2 ± 1 years’ experi-
ence (3 ± 1 sessions/week, two exercises per 
muscle group, and four sets per exercise). All 
subjects had no previous surgery or history of 
injury with residual symptoms (pain) in the 
spine or upper limbs within the last year. The 
maximal external load (10RM) performed was 
13.8 ± 5.4 kg. The subjects were informed of 
the risks and benefits of the study prior to any 
data collection. All subjects provided written 
informed consent prior to participation, and 
the Institutional Review Board approved the 
study (#FY23-222).

Protocol
A within-subjects design was applied to 

compare the acute effects of multiple sets 
on the maximal number of repetitions, mus-
cle thickness, echo intensity, peak force, and 
rating of perceived exertion following an RT 
session in recreationally trained subjects. Sub-
jects attended two RT sessions in the labora-
tory and refrained from performing any up-
per-body exercise for at least 48 hours prior 
to testing. In the first RT session, anthropo-
metric data (height, weight, and arm length) 
were collected, and each subject was asked 
to identify their preferred writing arm, which 
was considered the dominant arm (Maulder 
& Cronin, 2005). Subjects performed a fa-
miliarization and specific warm-up protocol 
consisting of one set of 15 repetitions without 
external load, followed by one set of 10 repe-
titions with a 5-kg load, with a 1-minute rest 
interval between sets. Subsequently, all sub-
jects performed a multiple maximum-repeti-
tion test (10RM) for the unilateral biceps curl. 
For the unilateral biceps curl, subjects stood in 
front of a cable-pulley machine, holding the 
handle with a supinated grip. Each repetition 

consisted of lifting the weight stack from full 
elbow extension to full elbow flexion (concen-
tric phase) and then returning to full elbow ex-
tension (eccentric phase). The 10RM test was 
conducted in accordance with the guidelines 
of the National Strength and Conditioning As-
sociation (NSCA) to determine each subject’s 
initial training load. The load was progressive-
ly increased until subjects reached their max-
imum capacity to perform 10 repetitions with 
proper technique. The movement velocity was 
self-selected, and exercise technique was di-
rectly supervised by a Certified Strength and 
Conditioning Specialist (CSCS) research as-
sistant to ensure correct performance. During 
the second RT session, subjects performed a 
specific warm-up consisting of one set of 10 
repetitions at 50% of their 10RM. The subjects 
rested for five minutes before completing eight 
sets of 10RM (Repetition in reserve, RIR=0-
1) with a 2-minute rest between sets. During 
each set, the MNR was recorded, and the rat-
ing of perceived exertion (RPE) was collected. 
Maximal voluntary isometric contraction (PF) 
at 90° elbow flexion and ultrasound measure-
ments (MT and EI) of the elbow flexors were 
obtained before and immediately after each set 
of the RT session. Following a 15-minute rest 
period, subjects were asked to report their ses-
sion RPE.

Measurements
Maximal number of repetitions (MNR): 

The MNR was recorded for all sets.
Muscle Thickness (MT): Ultrasound im-

ages were used to measure MT. A US tech-
nician performed all measurements using 
a portable ultrasound imaging unit (Hitachi 
Noblus; Hitachi Medical Corporation, Tokyo, 
Japan). Following a generous application of a 
water-soluble transmission gel (Cskin, Med-
ics Medical Products LLC., NY, USA) to the 
measured site, a 7.5-MHz linear array probe 
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(L55 Probe) was placed perpendicular to the 
tissue interface without depressing the skin. 
Equipment settings were optimized for im-
age quality (depth: 8 cm; brightness / B-mode 
gain: 35) according to the manufacturer’s user 
manual and held constant across all sessions. 
MT was determined by measuring the dis-
tance from the subcutaneous adipose tissue–
muscle interface to the muscle–bone inter-
face, following the methods described by Abe 
et al. (2014). Measurements were taken on the 
dominant arm over the elbow flexors while 
the subjects were in a standing position. For 
the elbow flexors, measurements were taken 
at 60% distal between the lateral epicondyle 
of the humerus and the acromion process of 
the scapula. To maintain consistency between 
pre- and post-intervention testing, each site 
was marked with ink. To further ensure mea-
surement accuracy, at least three images were 
taken at each muscle site. If measurements 
were more than 1mm apart, a fourth image 
was obtained and averaged. When the im-
age’s quality was deemed satisfactory, it was 
saved to a hard drive. The test-retest ICC was 
0.96–0.98, and the intra-rater reliability was 
0.96–0.97.

Echo Intensity (EI): The same images 
used to define muscle thickness were used to 
quantify EI. EI was assessed using an auto-
mated grayscale analysis that ranged from 0 
(black) to 255 (white) (arbitrary unit, A.U.). A 
rectangular region of interest box was drawn 
as large as possible to encompass the entire 
cross-sectional area. Care was taken to en-
sure that fascia along the borders of the elbow 
flexors, subcutaneous adipose tissue, and the 
bone region were not included in the analyses. 
EI was measured twice, and the mean value 
was used for further analysis. The test-retest 
ICC was 0.97. 

Peak Force (PF): The maximal voluntary 
isometric contraction (MVIC) was measured 

by a digital load cell acquisition system (FM-
204-1000K, Shenzhen Aermanda Technol-
ogy Co. Ltd., Shenzhen, Guangdong, China 
(Capacity: 1000Kgf / Resolution: 0.01kgf). 
To perform the MVIC, all subjects were po-
sitioned standing in front of the cable-pulley 
machine, with a supinated grip on a handle. 
All subjects performed three MVICs at 90º 
of elbow flexion before (pre-test) and imme-
diately after all sets. The 90º elbow position 
was selected because it represents the stick-
ing point for the elbow flexors. Each MVIC 
was performed for 3-sec and 10-sec rest inter-
vals. The maximum value (PF) was used for 
further analysis. The test-retest ICC ranged 
from 0.95 to 0.98.

Rating of Perceived Exertion (RPE): The 
rating of perceived exertion was assessed af-
ter each set (RPEset) and 15 minutes after the 
RT session (sRPE) using the CR-10 scale, 
in accordance with the recommendations of 
Sweet et al. (Sweet et al., 2004). Subjects 
were asked to use an arbitrary unit (A.U.) on 
the scale to rate their overall effort after each 
set and RT session. A rating of 0 indicated no 
effort, and a rating of 10 indicated maximal 
effort and the most stressful exercise ever per-
formed. 

Statistical Analyses
The normality and homogeneity of vari-

ances were confirmed by Shapiro-Wilk and 
Levene’s tests, respectively. The mean, stan-
dard deviation (SD), 95% confidence inter-
val (CI95%), and delta percentage (Δ%) were 
calculated. One-way ANOVAs were used to 
detect differences across sets for the follow-
ing variables: MNR, MT, EI, RPEset, and PF. 
Post-hoc comparisons were conducted using 
the Bonferroni test when appropriate. The 
magnitude of differences was further evalu-
ated using standardized effect sizes based on 
Cohen’s d, which were qualitatively inter-



P. Marchetti, R. Ruswick, C. Stas, C. Lopes

118

MULTIPLE-SET RESISTANCE TRAINING ...

preted as follows: <0.35 – trivial; 0.35–0.8 
– small; 0.8–1.5 – moderate; >1.5 – large for 
recreationally trained (Cohen, 1988). An al-
pha of 5% was used to determine statistical 
significance.

RESULTS
The sRPE reported by the subjects 15-min 

post-exercise was 8.37 ± 1.34 A.U.
For MNR, significant reductions were ob-

served across sets (p < .001), as presented in 
Table 1and Figure 1a. 

Table 1. Comparison between sets [p-value, delta percentage (∆%), effect size, and 95% confi-
dence intervals (CI95%)] for the maximal number of repetitions. 

Comparison p-value ∆% Effect Size CI95%

Set 1 x Set 5 .009 17.0% 6.0 (large) 0.28 / 3.14
Set 1 x Set 6 .001 23.0% 7.3 (large) 0.69 / 3.87
Set 1 x Set 7 <.001 28.0% 7.7 (large) 0.99 / 4.62
Set 1 x Set 8 <.001 31.5% 9.4 (large) 1.45 / 4.83

For PF, significant reductions were ob-
served across sets (p < .005), as presented in 

Table 2 and Figure 1b. 

Table 2. Comparison between pre-test and sets [p-value, delta percentage (∆%), effect size, and 
95% confidence intervals (CI95%)] for peak force. 

Comparison p-value ∆% Effect Size CI95%

Pre-Test x Set 1 .017 5.8% 0.9 (large) 1.21 / 20.70
Pre-Test x Set 2 .003 9.1% 1.4 (very large) 4.26 / 30.10
Pre-Test x Set 3 .002 12.5% 2.1 (very large) 6.64 / 40.20
Pre-Test x Set 4 <.001 15.3% 2.5 (very large) 13.10 / 44.50
Pre-Test x Set 5 <.001 17.2% 2.9 (very large) 16.10 / 48.60
Pre-Test x Set 6 <.001 18.3% 3.0 (very large) 19.30 / 49.60
Pre-Test x Set 7 <.001 19.4% 3.3 (very large) 20.30 / 52.50
Pre-Test x Set 8 <.001 21.4% 3.6 (very large) 24.00 / 56.40

For RPEset, significant increases were ob-
served across sets (p < .001), as presented in 

Table 3 and Figure 1c. 

Table 3. Comparison between sets [p-value, delta percentage (∆%), effect size, and 95% confi-
dence intervals (CI95%)] for RPEset. 

Comparison p-value ∆% Effect Size CI95%

Set 1 x Set 2 <.001 12.6% 2.8 (very large) -1.77 / -0.32
Set 1 x Set 3 <.001 18.8% 4.5 (very large) -2.56 / -0.67
Set 1 x Set 4 <.001 25.0% 7.2 (very large) -3.25 / -1.32
Set 1 x Set 5 <.001 27.3% 8.2 (very large) -3.52 / -1.62
Set 1 x Set 6 <.001 28.1% 9.2 (very large) -3.83 / -1.60
Set 1 x Set 7 <.001 30.3% 10.2 (very large) -4.24 / -1.76
Set 1 x Set 8 <.001 30.3% 10.2 (very large) -4.16 / -1.83
Set 3 x Set 4 <.001 7.6% 2.7 (very large) -1.18 / -0.15
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Figure 1. Mean ± standard deviation of (a) maximal number of repetitions, (b) peak force, and 
(c) RPEset. 
Legend: #Significant difference pre-test and set; *Significant difference between set 1 and all sets; &Significant 
difference between sets.

For MT, significant increases were ob-
served across sets (p < .05), as presented in 

Table 4 and Figure 2a.

Table 4. Comparison between pre-test and sets and between sets [p-value, delta percentage 
(∆%), effect size, and 95% confidence intervals (CI95%)] for muscle thickness. 

Comparison p-value ∆% Effect Size CI95%

Pre-Test x Set 1 <.001 6.9% 1.6 (very large) -3.75 / -1.19
Pre-Test x Set 2 <.001 10.1% 2.4 (very large) -4.82 / -2.71
Pre-Test x Set 3 <.001 11.8% 2.9 (very large) -5.81 / -3.18
Pre-Test x Set 4 <.001 13.1% 3.1 (very large) -6.54 / -3.69
Pre-Test x Set 5 <.001 15.3% 3.8 (very large) -7.72 / -4.47
Pre-Test x Set 6 <.001 15.5% 3.8 (very large) -7.69 / -4.73
Pre-Test x Set 7 <.001 15.1% 3.8 (very large) -7.66 / -4.37
Pre-Test x Set 8 <.001 16.8% 4.3 (very large) -8.42 / -4.96

Set 1 x Set 2 .006 3.4% 0.8 (large) -2.35 / -0.25
Set 4 x Set 5 .009 2.5% 0.5 (small) -1.79 / -0.16

For EI, significant increases were observed 
across sets (p < .001), as presented in Table 5 

and Figure 2b. 

Table 5. Comparison between pre-test and sets and between sets [p-value, delta percentage 
(∆%), effect size, and 95% confidence intervals (CI95%)] for echo intensity. 

Comparison p-value ∆% Effect Size CI95%

Pre-Test x Set 1 .002 13.8% 2.6 (very large) -20.90 / -3.46
Pre-Test x Set 2 .001 20.0% 3.8 (very large) -32.10 / -5.76
Pre-Test x Set 3 <.001 25.4% 5.1 (very large) -41.50 / -10.00
Pre-Test x Set 4 <.001 26.7% 5.6 (very large) -42.20 / -12.90
Pre-Test x Set 5 <.001 28.2% 6.5 (very large) -42.50 / -16.90
Pre-Test x Set 6 <.001 29.3% 6.8 (very large) -43.80 / -18.90
Pre-Test x Set 7 <.001 33.3% 7.6 (very large) -51.50 / -24.00
Pre-Test x Set 8 <.001 37.1% 9.7 (very large) -57.60 / -31.60

Set 1 x Set 7 .024 22.6% 1.04 (moderate) -49.59 / -1.55
Set 1 x Set 8 <.001 27.0% 1.40 (moderate) -56.45 / -8.41
Set 6 x Set 7 .015 5.6% 1.1 (large) -11.90 / -0.77
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Figure 2. Mean ± standard deviation of (a) MT and (b) EI.
Legend: #Significant difference pre-test and sets; &Significant difference between sets; % Significant difference 
between set 1.

DISCUSSION
This study examined the acute effects of 

multiple resistance-training sets on MNR, MT, 
EI, PF, and RPE in recreationally trained sub-
jects. Key outcomes indicated that MNR de-
clined noticeably after the fifth set, PF dropped 
steadily with set progression, RPEset rose con-
sistently, MT expanded initially but stabilized 
after the fifth set, and EI continued to increase 
throughout. These results provide new insights 
into the acute response to RT sessions. To the 
best of the authors’ knowledge, no previous 
study has examined the acute dose–response 
of cumulative set-by-set effects in recreation-
ally trained subjects.

An initial analysis of the multiple-set RT 
session revealed cumulative acute effects 
across all sets when muscular failure was 
reached (RIR = 0–1; sRPE = 8.3 A.U.). PF 
and RPEset were affected from the first set, 
whereas a significant reduction in MNR was 
observed only at the fifth set. We hypothesized 
that MNR would progressively decrease set by 
set, and the results confirmed a 17% reduction 
at the fifth set and a 31.5% reduction by the 
end of all sets. Similarly, PF was expected to 
decline progressively, and the data indicated a 
5.8% reduction after the first set and a 21.4% 
reduction by the final set. Notably, only after a 

17.2% decrease in force production did MNR 
significantly decline (5th set). 

Neuromuscular fatigue during RT typically 
presents as declining force output, fewer repe-
titions per set, and shorter time under tension, 
influenced by both peripheral and central fac-
tors. (Debold & Westerblad, 2024; Westerblad 
& Allen, 2003). Peripheral factors include me-
tabolite accumulation and impaired excitation–
contraction coupling, which compromise cal-
cium handling and cross-bridge formation. 
Central factors—such as reduced corticospi-
nal excitability and diminished motoneuron 
output—further limit voluntary activation and 
exacerbate performance declines (Behrens et 
al., 2023; Enoka & Duchateau, 2016; Gande-
via, 2001). With repeated high-intensity sets, 
depletion of phosphocreatine and greater reli-
ance on glycolysis lead to the buildup of Pi, H⁺, 
and lactate. These byproducts impair cross-
bridge cycling and reduce calcium sensitivity 
in the myofibrils, thus decreasing contractile 
efficiency with each additional set of a mul-
tiple-set RT session (Debold & Westerblad, 
2024; Westerblad & Allen, 2003). Consistent 
with our hypothesis, RPEset rose steadily from 
the initial set onward. The results showed an 
initial 12.6% increase after the first set and a 
30.3% increase by the end of all sets. RPEset 
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captures the link between physiological stress 
and performance by quantifying perceived ef-
fort during each set (Alexiou & Coutts, 2008; 
Halperin & Emanuel, 2019; Marchetti, 2023; 
Weilharter et al., 2024). In short, these findings 
indicate that perceived exertion closely mirrors 
the progressive neuromuscular and metabolic 
demands of a multiple-set RT session. The 
consistent rise in RPEset underscores its utility 
as a practical, non-invasive marker of cumu-
lative fatigue and physiological stress during 
multiple sets and high-intensity RT sessions.

Continuing the analysis of the dependent 
variables, two muscle assessments were con-
ducted to evaluate muscle morphology (MT) 
and muscle quality (EI) after multiple sets. RT 
exercises with multiple sets have been shown 
to elicit varying degrees of acute cell swell-
ing, depending on factors such as the number 
of sets and repetitions, fatigue level, training 
volume, and intensity (Marchetti et al., 2023; 
Schoenfeld, 2013; Sullivan et al., 2023). More-
over, RT performed to momentary mechanical 
failure (10RM, RIR = 0–1) reduces intramus-
cular adenosine triphosphate (ATP) and cre-
atine phosphate (CP) levels, while concom-
itantly increasing inorganic phosphate (Pi), 
adenosine diphosphate (ADP), and adenosine 
monophosphate (AMP) accumulation. This is 
accompanied by enhanced glycolytic flux, hy-
poxia, and reactive oxygen species production 
(Chen et al., 1996; Schoenfeld, 2013; Schoen-
feld & Contreras, 2014; Sjøgaard et al., 1985; 
Usher-Smith et al., 2009). Collectively, these 
metabolic and mechanical stressors contribute 
to cell swelling and elevated intramuscular 
pressure. In this study, MT and EI were as-
sessed before and immediately after each set 
to examine the extent of acute cell swelling. 
We hypothesized that both MT and EI would 
progressively increase on a set-by-set basis. 
For MT, the results partially supported this 
hypothesis: a 16.8% increase (a very large 

effect size) was observed from the pre-test to 
the last set. However, no significant changes 
occurred after the fifth set. Thus, despite the 
cumulative effect of multiple sets to momen-
tary mechanical failure, the acute expansion in 
muscle size due to cellular swelling appears 
to be limited. Passive connective tissues, such 
as the endomysium, play a critical role in 
maintaining structural support and influencing 
the passive mechanical response of skeletal 
muscle. Because of their viscoelastic nature, 
these tissues deform under load but partially 
recover when the load is released (Nordin & 
Frankel, 2021). Nevertheless, their capacity 
for elongation is limited. The endomysium, 
which encases individual muscle fibers, con-
tributes substantially to passive stiffness and 
force transmission within skeletal muscle. Re-
search on intramuscular connective tissue in-
dicates that passive muscle structures tolerate 
approximately 8–12% strain before collagen 
disruption occurs (Purslow, 2002). In contrast, 
our hypothesis concerning EI was supported, 
with grayscale pixel brightness rising steadily 
across sets. EI has been associated with cell 
swelling and has recently been proposed as a 
non-invasive indicator to differentiate whether 
acute changes in MT arise from intracellular 
fluid shifts or extracellular fluid accumulation 
(Wong et al., 2020b; Yitzchaki et al., 2019). In 
this study, EI increased by 37.1% from pre-test 
to the last set, reflecting a substantial influx of 
fluids into the muscle tissue during multiple 
sets. Given the restricted expansion of passive 
tissues (as suggested by MT plateauing) and 
the ongoing rise in EI, intramuscular pressure 
is likely to become more pronounced after 
the fifth set. Thus, performing multiple sets 
to near failure elevated both MT and EI, al-
though MT stabilized after the fifth set, where-
as EI continued to rise. These results imply 
that passive tissue limitations restrict further 
muscle expansion, thereby increasing intra-
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muscular pressure during high-volume RT. 
Several limitations should be acknowledged. 
The modest sample size and multiple compar-
isons may have reduced statistical power, but 
the effect-size analysis provided meaningful 
insights. Second, lactate and other metabolic 
by-products were not measured, which limits 
insights into the mechanisms of neuromus-
cular fatigue. Finally, caution is warranted in 
generalizing these findings to other exercis-
es, training protocols, or populations such as 
youth, competitive athletes, or older adults.

CONCLUSIONS
In summary, this study shows that multi-

ple-set RT sessions trigger specific acute neu-
romuscular and morphological adaptations in 
recreationally trained subjects. Based on the 
authors’ knowledge, this is the first study to 
report that training volume is affected by pre-
ceding sets and may improve understanding of 
the acute structural and functional changes in 
the muscle pump, with practical implications 
for designing RT sessions to optimize perfor-
mance. More precisely, MNR and PF decreased 
with multiple sets, whereas both set-based and 
session RPE rose, reflecting heightened neu-
romuscular fatigue and perceived effort. In 
contrast, MT expanded early but stabilized af-
ter the fifth set, suggesting a ceiling effect for 
acute swelling responses. EI, however, contin-
ued to increase, suggesting possible changes in 
muscle quality associated with neuromuscular 
fatigue and intramuscular fluid shifts. To the 
authors’ knowledge, this is the first study to 
identify a potential physical limitation in mus-
cle response alongside a consistent increase in 
acute muscle swelling following multiple sets 
in trained men. Overall, these results suggest 
that multiple-set RT sessions reduce repetition 
capacity and force output over time, while si-
multaneously elevating perceived exertion and 
inducing short-term morphological and quali-

tative changes in muscle tissue. For strength 
and conditioning professionals, the data im-
ply that performing more than five sets may 
not further enhance acute swelling responses. 
Instead, prioritizing sets with higher intensity 
and adequate recovery might be more effective 
for hypertrophy and strength gains. Nonethe-
less, combining high-intensity exercise with 
multiple sets elevates intramuscular pressure, 
potentially enhancing protein signaling via 
mechanotransduction pathways. Thus, opti-
mizing RT outcomes requires a careful balance 
between training volume, intensity, and recov-
ery periods. Monitoring perceived exertion 
and performance decline across sets may pro-
vide useful feedback for tailoring training vol-
ume and recovery strategies. Future research 
should investigate the long-term effects of dif-
ferent set configurations on muscle growth and 
strength adaptations and re-examine the trends 
observed in this study using a larger participant 
sample to provide more specific and generaliz-
able recommendations.

PRACTICAL APPLICATIONS
Coaches should prioritize not only the 

chronic effects of RT but also the effective 
prescription and control of each RT session by 
implementing multiple sets per exercise, mon-
itoring physical performance and perceived 
exertion to regulate neuromuscular fatigue, 
emphasizing high-intensity loading, and en-
suring adequate recovery to maximize muscle 
responses after each RT session. Below are 
some practical applications:
•	 This study indicates that muscle thickness 

increases only up to approximately five 
sets, suggesting a ceiling effect for acute 
swelling. Thus, performing three to five 
sets per exercise appears sufficient to maxi-
mize the immediate muscle stimulus, while 
additional sets may provide minimal added 
benefits. 
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•	 Progressive declines in repetition capac-
ity and peak force highlight the value of 
tracking performance loss. Reductions in 
reps may serve as a practical reference to 
terminate the exercise and prevent the ac-
cumulation of non-productive volume.

•	 The steady increase in the number of sets 
and session RPE suggests that subjective 
effort is a useful real-time indicator of neu-
romuscular fatigue. When RPE values ex-
ceed target levels, adjustments in load, rest 
intervals, or total sets may help maintain 
training quality.

•	 Since acute muscle swelling does not in-
crease beyond the fifth set, high-intensity 
loading continues to stimulate mechano-
transductive pathways. Therefore, increas-
ing the number of sets could be an interest-
ing strategy.

•	 Elevations in muscle swelling and reduc-
tions in force output following multiple sets 
suggest meaningful neuromuscular fatigue 
and muscle quality changes. High-volume 
sessions should therefore be followed by 
appropriate recovery strategies, such as al-
ternating heavy and light days or reducing 
volume in subsequent sessions.
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