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Abstract

This study aimed to compare the effects of low-load circuit train-
ing (LL-CT) and moderate-load circuit training (ML-CT) on
physical performance adaptations, hormonal responses, and he-
matological parameters in resistance-trained men. Thirty-two re-
sistance-trained males (age 20.31 = 1.00 y) were randomly as-
signed to three groups: LL-CT (n=11), ML-CT (n=11), or CON
(n = 10). Participants in the training groups performed two ses-
sions per week for 8 weeks. Both protocols consisted of four
rounds of five exercises in a circuit format with a 30 s work:30 s
rest duty cycle and 2-min inter-set rest. Exercise intensity was
prescribed as 30% 1RM (LL-CT) or 70% 1RM (ML-CT), where
IRM was determined for four lifts: power clean, back squat,
bench press, and deadlift. Loads during each exercise were ex-
pressed as a percentage of that exercise’s own 1RM. Pre- and
post-intervention measures included one-repetition maximum in
the back squat and bench press (kg); countermovement jump and
squat jump height (cm); 30-m sprint time (s); 505 change-of-di-
rection time (s); peak power (W) and relative peak power
(W-kg™); and maximal oxygen uptake VOmax (mL-kg™'-min™").
Blood samples were collected to analyze resting hormone levels
and hematological profiles. Both the LL-CT and ML-CT groups
showed significant improvements in IRM, CMJ, SJ, 30-m sprint,
505 agility, PP, and VO:max (p <0.05), whereas the CON group
only improved in squat 1IRM (p <0.05). No significant differ-
ences were observed in RPP across all three groups (p > 0.05).
Between-group comparisons revealed that only 1RM showed sig-
nificant superiority in the training groups compared to CON
(p <0.05), with no significant differences observed in other per-
formance outcomes (p >0.05). Both LL-CT and ML-CT resulted
in significant increases in total testosterone (T) and mean corpus-
cular hemoglobin concentration (MCHC) (p <0.05), while only
ML-CT showed a significant improvement in hemoglobin (HB).
No significant changes were observed in red blood cell (RBC)
count, white blood cell (WBC) count, red cell distribution width
(RDW), or hematocrit (HCT) across groups. Under comparable
hormonal responses and hematological adaptations, LL-CT
demonstrated greater mechanical efficiency while achieving
physical performance improvements equivalent to those of mod-
erate-load training.
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Introduction

Training practices aimed at both health promotion and
athletic performance commonly seek to improve cardi-

orespiratory fitness and muscular strength and power con-
currently within limited time (Garber et al., 2011). As a
time-efficient form of concurrent training, circuit training
(CT) has garnered attention because it can elicit multidi-
mensional adaptations—across aerobic capacity, muscular
endurance, and neuromuscular function—within a single
session (Alcaraz et al., 2008; Ramos-Campo et al., 2021).
CT is typically performed as repeated rounds of a pre-spec-
ified exercise sequence under an explicit work—rest struc-
ture with brief inter-station recovery, loading may be pro-
vided by body mass, free weights, elastic bands, or ma-
chines (Klika and Jordan, 2013; Da Silva et al., 2010). De-
pending on the prescription, CT can be implemented across
intensity zones—low (<60% 1RM), moderate (60 - 80%
1RM), and high (>80% 1RM); repetitions may be fixed by
count or completed as time-based sets (e.g., 30 s), and very
short rests between exercises (e.g., 30 s) are commonly
used to produce high session density (Mufioz-Martinez et
al., 2017). Accordingly, external load and training density
(work—rest ratio and inter-station recovery) operate as two
key levers that jointly shape the physiological stimulus of
CT (Garber et al., 2011).

In recent years, with the integration of new technol-
ogies and heightened sport-specific demands, training pro-
grams have trended toward shorter duration, greater dyna-
mism, and an emphasis on key movement patterns (Iversen
etal., 2021). Accordingly, some sports have adopted CT to
train skills, strengthen team coordination, and develop spe-
cific physical attributes (Hermassi et al., 2020). At the
same time, compared with traditional aerobic or conven-
tional resistance training, circuit-based prescriptions often
yield greater exercise enjoyment and better adherence
(Heinrich et al., 2014). Unlike approaches that target a sin-
gle fitness component, CT organizes multi-joint, com-
pound exercises into time-structured circuits to promote
concurrent adaptations in cardiorespiratory endurance,
muscular strength, and power, thereby supporting general
physical preparedness (Ramos-Campo et al., 2021). These
capacities are positively associated with health-related
quality of life across ages, sexes, and clinical populations
with chronic conditions, further underscoring the value of
CT in both health promotion and athletic practice (Mar-
tinez-Vizcaino et al., 2023).

In addition to physical performance improvements,
CT may elicit endocrine system adaptations. Acute bouts
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of CT have been shown to modulate levels of testosterone
and cortisol (Mangine et al., 2018), while chronic interven-
tions may elevate testosterone and the testosterone-to-cor-
tisol (T/C) ratio (Cadegiani et al., 2019). Higher testos-
terone levels, in particular, are commonly linked to greater
muscular strength and superior sprint performance
(Crewther et al., 2012). Hematological and biochemical
parameters also play a critical role in reflecting physiolog-
ical adaptations. Parameters such as hemoglobin (Hb), red
blood cell count (RBC), and hematocrit (HCT) may exhibit
favorable changes following both acute and chronic train-
ing stimuli (Ciekot-Sottysiak et al., 2024), with improve-
ments often correlating with enhanced aerobic capacity.

One of the key determinants of physiological adap-
tation in CT is the magnitude of external resistance load
(Kraemer and Ratamess, 2005). In practical CT implemen-
tation, external load serves as a fundamental variable reg-
ulating both neuromuscular tension and metabolic stress. It
directly influences motor unit recruitment patterns and may
also modulate hormonal and hematological responses
(Garber et al., 2011). Preliminary studies suggest that,
among physically active individuals, low-load CT may
produce comparable improvements in muscle mass and
maximal strength to those achieved with moderate-load
CT, offering the advantage of reducing musculoskeletal
strain while still promoting muscular development (Kapsis
et al., 2022). Nevertheless, comprehensive comparative re-
search on the effects of CT at different loading intensities
in resistance-trained men remains limited—particularly re-
garding its impact on hormonal regulation and hematolog-
ical markers. Therefore, the present study aimed to com-
pare the effects of low-load (LL - CT) and moderate-load
circuit training (ML - CT) on physical performance, hor-
monal profiles, and hematological adaptations in re-
sistance-trained males.

Methods

Participants

An a priori power analysis (G¥Power 3.1) was conducted
for the Group x Time interaction on two co-primary end-
points (back squat 1RM and CM1J height), specified with a
repeated-measures ANOVA proxy (3 groups, 2 time
points). Inputs were Cohen’s f = 0.25, a = 0.05, power =
0.80, within-subject correlation = 0.70, and € = 1.0, yield-
ing a required total N = 30 (Lakens 2022, Wilke and Mohr
2020). Considering a potential 10% attrition rate, a total of
32 participants were initially recruited. The inclusion crite-
ria were as follows: (1) male, aged between 18 and 30
years; (2) engaged in resistance training at least twice per
week for the past 12 months, with a minimum continuous
duration of six months; (3) free from major health condi-
tions and not taking any hormone-related medications; (4)
non-professional athletes not undergoing a periodized
sport-specific training program.

Following a familiarization session and baseline as-
sessments, participants were randomly assigned to one of
three groups: LL - CT, ML - CT, or control (CON). Allo-
cation concealment was ensured through sealed opaque en-
velopes prepared by personnel not involved in the study.
Group assignment was carried out by an independent staff
member after baseline testing, and both researchers and
participants were blinded to group allocation.

During the intervention period, three participants
dropped out: two due to missing more than one week of
training and one due to involvement in collegiate team
training. Ultimately, 29 participants completed the study
(age: 20.31 £ 1.00 years; height: 1.78 £ 0.05 m; body mass:
68.53 +3.53 kg), comprising the LL - CT group (n=10),
ML - CT group (n=10), and control group (n=29). Partic-
ipant characteristics are presented in Table 1.
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Figure 1. Experimental design flowchart. Overview of enrollment, allocation, interventions, and testing schedule. Outcome abbreviations: BPC,
baseline participant characteristics; CMJ, countermovement jump; SJ, squat jump; 505, 505 change-of-direction test; 30-m, 30-meter sprint; BS-1RM,
back-squat one-repetition maximum; BP-1RM, bench-press one-repetition maximum. Monitoring abbreviations: HR, heart rate; RPE, rating of per-
ceived exertion. Group abbreviations: LL-CT, low-load circuit training; ML-CT, moderate-load circuit training; CON, control.
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Table 1. Baseline characteristics of the participants.

Variabless LL-CT(10) ML-CT(10) _CON (9)

Years 204+ 1.07 202+1.13  203+0.86
Height 1.75 £ 0.04 1.81£0.04  1.78+0.04
Weight 68.6+4.92 68.7+3.04  683+2.39

All participants were informed about the purpose
and procedures of the study and voluntarily signed a writ-
ten informed consent form prior to participation. All pro-
cedures involving human subjects were conducted in ac-
cordance with the Declaration of Helsinki. Ethical ap-
proval was obtained from the Ethics Committee of Guang-
zhou Sport University (Approval No. 2025LCLL-043),

and the trial was registered on March 26, 2025, in the Chi-
nese Clinical Trial Registry (Registration No.
ChiCTR2500099633).

Experimental design

This study employed a randomized parallel-controlled de-
sign to compare the effects of low-load (LL - CT) and mod-
erate-load circuit training (ML - CT) on physical perfor-
mance, hormonal responses, and hematological parameters
in resistance-trained males. The entire experimental period
spanned 11 weeks, comprising a 2-week familiarization
and pre-testing phase, an 8-week training intervention, and
a 1-week post-testing phase (Figure 1).
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Figure 2. Proportional distribution of individual response magnitudes (pre—post) across groups. Each stacked bar totals 100% and
represents the proportion of participants in three response categories based on percent change from pre to post: red = non-response (<3%), pink =

moderate response (3—9%), white = large response (>9%).
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In the first week (Monday to Wednesday), partici-
pants underwent familiarization sessions during which
testing protocols were explained, and baseline demo-
graphic data—including age, height, and body mass—were
collected using a body composition analyzer (Inbody370,
Korea). Forty-eight hours later (Friday), lower-limb explo-
sive power was assessed using the countermovement jump
(CMJ) and squat jump (SJ), followed by 30-m sprint and
505 change-of-direction (COD) agility tests. On Sunday,
one-repetition maximum (1RM) for squat and bench press
was measured to evaluate maximal strength.

In the second week, Wingate anaerobic power test-
ing was conducted on Tuesday, followed by maximal oxy-
gen uptake (VOa2max) testing on Thursday and Friday.
These assessments are widely recognized as valid and reli-
able indicators of maximal strength, lower-limb power, an-
aerobic capacity, and aerobic fitness, respectively (Seo et
al. 2012, Markovic and Jaric 2007, Pardos-Mainer et al.
2019, Beneke et al. 2002, Bassett and Howley 2000). To
minimize the influence of circadian variation, all tests were
performed at the same time of day for each participant.

During the formal intervention phase, participants
completed two non-consecutive training sessions per week
(Monday and Thursday) over 8 weeks. Fasting venous
blood samples were collected in the morning (08:00 -
09:00) before the start and after the conclusion of the inter-
vention to assess changes in hormonal and hematological
profiles. A total of 16 training sessions were supervised by
research staff to ensure protocol adherence. Participants
who completed at least 14 sessions (i.e., >85% attendance)
were included in the final analysis.

Training routine
Before each training session, all participants performed a
standardized warm-up consisting of 4 minutes of dynamic
stretching followed by 4 minutes of activation drills, total-
ing 8 minutes in duration. The circuit training (CT) proto-
col consisted of five multi-joint compound exercises: bar-
bell power clean, behind-the-neck back squat, barbell
bench press, hex bar deadlift, and burpees. Each exercise
was performed for 30 seconds, followed by a 30-second
rest period during which participants transitioned to the
next station. A 2-minute rest was provided between rounds.
The full protocol included 4 rounds, totaling 24 minutes of
training time.

Participants were randomly assigned to either the
LL - CT (low-load CT) or ML - CT (moderate-load CT)
group. The prescribed repetition ranges for each group
were determined based on a pilot trial to ensure feasibility
and safety of the loading scheme within the 30-second time
frame: (1) LL - CT group: Participants performed
resistance-based exercises at 30% of their pre-determined
one-repetition maximum (1RM), completing approxi-
mately 20 - 24 repetitions per exercise; (2) ML - CT group:
Participants performed the same exercises at 70% of 1RM,
completing approximately 8 - 10 repetitions. Burpees were
executed as bodyweight-only exercises in both experi-
mental groups, with participants instructed to complete as
many repetitions as possible (AMRAP) during the 30-sec-
ond interval while maintaining proper form and continuous
power output.

To ensure consistency and minimize potential bias,
all movements were taught using standardized technique
cues and were performed in sync with a metronome to con-
trol tempo. The control group (CON) did not participate in
any structured training program during the intervention pe-
riod. Each training session was supervised by two certified
strength and conditioning specialists (NSCA-CSCS) per
group. These coaches ensured technical proficiency, ap-
propriate training intensity, and individualized adjustment
of external loads when necessary. Heart rate was used as
the primary real-time measure of training intensity. Partic-
ipants wore Heart Zones Moves team-based heart-rate
monitors during each session, with continuous monitoring
throughout the intervention. In line with prior reports
(Feito et al. 2018a), the >80% HR max zone was used only
as a real-time observational reference to contextualize car-
diovascular strain and support participants’ perceived-ef-
fort regulation. After each session, participants provided a
session RPE (sRPE) on the CR10 scale for the overall ses-
sion effort; this post-session value was used to index inter-
nal load (sRPE x duration). All training sessions were di-
rectly monitored by a member of the research team to en-
sure compliance and protocol fidelity.

Outcome Measures

Jump performance

Vertical jump performance was assessed using a timing
mat (SmartJump vertical jump mat, Fusion Sport, Aus-
tralia; flight-time method, jump height = g-t?/8). Through-
out testing, participants kept both hands on the hips
(akimbo) to eliminate arm-swing contributions. For each
condition (CMJ and SJ), participants performed two maxi-
mal efforts with 60 - 90 s rest between trials and 2 min be-
tween conditions; invalid attempts were repeated, and the
best valid height was retained for analysis. For the CMJ,
from an upright stance (hands on hips) participants exe-
cuted a rapid self-selected countermovement to their pre-
ferred depth and then jumped with maximal effort, while
avoiding excessive trunk flexion or in-air hip/knee flexion
that could interfere with timing-mat detection (Jiménez-
Reyes et al. 2017). For the SJ, participants started from a
static squat at ~90° knee flexion, verified at setup with a
handheld goniometer. Using metronome cues, they held
this position for >3 s to dissipate stretch—shortening-cycle
effects, then jumped on the ‘go’ signal without any addi-
tional downward motion. A trial was invalidated and re-
peated if additional knee flexion >5° (i.e., visible down-
ward displacement) occurred before take-off, if the hands
left the hips, or if premature heel rise/obvious weight shift
was observed. Two trained assessors supervised all trials
and adjudicated validity.

Sprint and COD ability

Sprint and agility were assessed with a 30-m sprint and the
505 change-of-direction (COD) test using electronic tim-
ing gates (Brower Timing Systems, USA). Gates were set
at approximately 0.8 m with a standardized gate width. For
the 30-m sprint, athletes used a standing split-stance start
with the lead toe behind the start line (no rocking steps).
To minimize premature beam breaks, the first gate was po-
sitioned 0.5 m in front of the start line and the second at 30
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m; timing started when the torso broke the first beam and
stopped at the 30-m gate. For the 505 COD, athletes com-
pleted a 10-m approach to the start gate; timing started as
the torso broke the beam at 0 m, they then continued 5 m
beyond the gate to a marked turn line, planted one foot on
or behind the line, executed a 180° turn, and sprinted 5 m
back through the same gate where timing stopped. Partici-
pants performed two maximal trials for each test with 2-3
min rest between trials; attempts with a false start, foot
on/over the line at set, failure to contact the turn line, or
slipping were invalidated and repeated. The best time for
each test was used for analysis.

Maximal strength

One-repetition maximum (1RM) testing for the squat and
bench press was conducted following the standardized pro-
tocol recommended by the National Strength and Condi-
tioning Association (NSCA - CSCS) (Haff and Triplett
2021). For the squat, participants completed a light warm-
up followed by 5 - 10 repetitions at 50% of the estimated
1RM and 3 - 5 repetitions at 75%. Thereafter, single-repe-
tition trials were performed with progressive weight in-
creases of 2.5 - 10%, with 2 - 4 minutes of rest between
attempts, until the maximum load that could be lifted with
proper form was achieved.
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Figure 3. Proportional distribution of individual response magnitudes (pre—post) across groups. Each stacked bar totals 100% and
represents the proportion of participants in three response categories based on percent change from pre to post: red = non-response (<3%), pink =

moderate response (3—9%), white = large response (>9%).
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For the bench press, the warm-up consisted of 10
repetitions at 50% of estimated 1RM, 5 repetitions at 75%,
and 3 repetitions at 85%. Subsequent attempts involved in-
cremental increases of 2.5 - 5 kg, with 4-minute inter-set
rests, until the actual 1RM was determined. All participants
had prior experience with squat and bench press exercises,
and the tests were supervised throughout by trained re-
search staff. The highest successfully completed load was
recorded as the final 1RM.

Anaerobic capacity

Anaerobic power was assessed using the Wingate anaero-
bic test on a mechanically braked cycle ergometer (Monark
Ergomedic 894E Peak Bike, Monark Exercise AB, Vans-
bro, Sweden). Prior to testing, participants’ body mass was
measured using a digital scale. A 2-minute warm-up was
performed on the same ergometer. Resistance was then set
to 7.5% of body mass (0.075 kg-kg™) (Adigiizel and Giinay
2016). The test began with a 3-second all-out sprint under
zero resistance, followed immediately by the application of
the resistance load. Participants were instructed to maintain
maximal effort throughout the 30-second test. Peak power
(W) and relative peak power (W-kg™') were recorded for
subsequent analysis.

Aerobic capacity

Maximal oxygen uptake (VO2max) was assessed using an
electromagnetically braked cycle ergometer (MONARK
LC4, Sweden) integrated with a breath-by-breath meta-
bolic system (COSMED KS5, Italy). The system was
warmed up 1 hour before testing, and turbine, gas, and des-
iccant calibrations were performed; flow was calibrated
with a 3-L syringe. After being briefed on the procedures,
participants adjusted the handlebar/saddle and were fitted
with a heart-rate chest strap and a low-resistance facemask.
The incremental test consisted of a 2-min unloaded warm-
up at 0 W, followed by a 3-min staged protocol starting at
70 W; thereafter, the workload increased by 50 W every 3
min while cadence was held constant at 60 rpm throughout.
The test was terminated at volitional exhaustion, upon clin-
ical indications, or if—despite verbal encouragement—ca-
dence fell below 60 rpm for more than 5 s. Breath-by-
breath gas-exchange was recorded continuously; after re-
moval of artefactual breaths, data were averaged in 10-s
bins, and VO:.max was defined as the highest 30-s rolling
mean during the final stage of exercise. Maximality was
confirmed by the presence of a VO: plateau (i.e., no further
rise or a decline in VO: despite increasing workload)
and/or by meeting at least two of the following criteria:
heart rate >180 beats'min™! and respiratory exchange ratio
(RER; also reported as RQ) >1.15 (Midgley et al., 2007).

Blood sampling and biochemical analysis

To ensure consistency in biomarker assessment, all blood
samples were collected in the early morning following an
overnight fast and at least 8 hours of sleep. Venous blood
was drawn from the antecubital vein with participants in a
seated position, using vacuum blood collection tubes to ob-
tain 15 mL of whole blood. A 5 mL aliquot was centrifuged
at 1500 rpm for 10 minutes at 4°C, and the resulting serum
was aliquoted and stored at -20°C for later analysis. All

procedures were performed by an independent, certified la-
boratory. The measured parameters included serum total
testosterone, cortisol, white blood cell count, red blood cell
count, hemoglobin concentration, hematocrit, red cell dis-
tribution width, mean corpuscular hemoglobin, and mean
corpuscular hemoglobin concentration. Serum total testos-
terone and cortisol were quantified by chemiluminescent
immunoassays on an ADVIA Centaur XP analyzer (Sie-
mens Healthineers, Erlangen, Germany) using the ADVIA
Centaur Testosterone and ADVIA Centaur Cortisol assays
with assay-specific calibrators and two-level internal qual-
ity controls (low and high). Hematological parameters
were obtained via fully automated blood cell counters us-
ing impedance and/or optical scatter technologies, and
mean corpuscular hemoglobin concentration and red cell
distribution width were calculated according to standard-
ized formulas.

Statistical analysis

Descriptive statistics were summarized as mean + standard
deviation (SD). Statistical significance was set at two-sided
p <0.05. All analyses were conducted in SPSS version 27.0
(IBM Corp., Armonk, NY, USA). Linear mixed-effects
models were fitted with random intercepts for participants
and fixed effects for group (LL - CT, ML - CT, CON), time
(pre-test vs. post-test), and the group X time interaction.
Models were estimated by restricted maximum likelihood
(REML) under a missing-at-random (MAR) assumption,
with Satterthwaite’s approximation for degrees of freedom.
Post-hoc pairwise comparisons of estimated marginal
means (EMMs) were performed with Bonferroni adjust-
ment for multiple testing. The reliability of CMJ, SJ, 30-m
sprint, and 505 change-of-direction tests was assessed us-
ing the coefficient of variation (CV) (Cormack et al., 2008)
and the intraclass correlation coefficient (ICC) (Koo and Li
2016), along with 95% confidence intervals (CI). Partial
eta squared (77;2;) was used to estimate the effect size of be-
tween-group differences, with values interpreted as small
(0.01 < n3<0.06), moderate (0.06<73<0.14), and large
(1712, >0.14) (Lachenbruch 1989). Cohen’s d was also cal-
culated to quantify the magnitude of intervention effects,
categorized as trivial (<0.20), small (0.20 - 0.49), moderate
(0.50 - 0.79), and large (=0.80) (Cohen 2013). Individual
responsiveness to change (%) from pre- to post-test for
each variable was classified into three categories: “non-re-
sponse” (<3%), “moderate response” (3 - 9%), and “high
response” (>9%), based on modified thresholds derived
from previous research (Cohen 2013).

Results

Thirty-two participants were randomized to LL-CT (n =
11), ML-CT (n=11), and CON (n = 10). During the inter-
vention, one participant per group withdrew (three in total):
two for missing more than one week of training and one
due to involvement in collegiate team training. Participants
who reached post-test completed 16/16 supervised sessions
within their assigned group (100% adherence); addition-
ally, LL - CT and ML - CT each completed 16/16 CT ses-
sions on top of regular conditioning. Subsequent results are
based on post-hoc pairwise comparisons of estimated
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marginal means (EMMs) from the linear mixed-effects
models, with Bonferroni adjustment for multiple testing.
Full means and standard deviations (SD), 95% confidence
intervals (CI), standardized effect sizes, and adjusted p-val-
ues are provided in Tables 2 - 3. The Reliability was good
to excellent: SJ (ICC =0.968; 95% CI10.937 - 0.984; CV =
7.59%), CMJ (ICC = 0.986; 0.971 - 0.993; 8.00%), 30 m
(ICC = 0.956; 0911 - 0.978; 1.85%), and 505 (ICC =
0.977; 0.954 - 0.989; 3.47%).

Physical performance

The linear mixed-effects model results are shown in Table
2, Figure 2. Maximal strength (BS-1RM, BP-1RM)
showed significant effects of time, group, and the
timexgroup interaction; post-hoc pairwise comparisons
indicated that the estimated means for both CT protocols
were higher than CON (both p < 0.05), with no significant
difference between the two CT protocols (p = 1.000). Jump
performance (CMJ, SJ) likewise exhibited significant time
and interaction effects; both CT protocols outperformed
CON (p < 0.05), with no significant difference between
protocols. Speed and change of direction (30-m sprint, 505)
both showed significant time and interaction effects; on the
505 test, both CT protocols were superior to CON (p <

0.05), whereas on the 30-m sprint only ML - CT was faster
than CON and LL - CT did not differ from CON. VO:max
showed significant time and interaction effects; both CT
protocols were higher than CON (both p < 0.05), with no
significant difference between protocols. For anaerobic
power, absolute peak power showed significant time and
interaction effects, with both CT protocols higher than
CON (both p <0.05) and no significant difference between
protocols; relative peak power showed a time effect only,
with no group or interaction effects.

Blood biomarkers

The linear mixed-effects model results are shown in Table
3, Figure 3. Testosterone exhibited significant main effects
of time and group and a significant time x group interac-
tion; post-hoc pairwise comparisons indicated that post-
test values in the ML - CT group were higher than in the
control group (p < 0.05), whereas LL - CT vs. control and
ML - CT vs. LL - CT were not different. Cortisol showed
no significant effects of time, group, or their interaction.
White blood cell count, red blood cell count, hematocrit,
and mean corpuscular hemoglobin likewise showed
no significant main or interaction effects. Hemoglobin
showed a time effect only (p <0.05) with no group or

Table 2. Pre- and post-intervention physical performance measurements in each group.

. Main and Post-hoc pairwise comparisons
Variables Group  Pre-Test Post-Test ESH[95%Cl] A% .
Interaction Effects  Between-group P ES+[95%Cl]
LL-CT 127.1£5.9 133.5:4.1%*# 1.49[1.08,1.90] 54%  Time:p<<0.001 LL-CTvs CON  0.010 0.75[0.16,1.35]
BS-IRM ML-CT 123.6£3.4 135.5£2.6**# 2.66[2.26,3.07] 9-8%  Group:p=0.007 ML-CTvs CON  0.032 1.93[1.34,2.52]
CON 1235432 126.743.3** 0.73[0.30,1.16] 2.7% Interaction:;p<<0.001 ML-CT vs LL-CT 1.000 1.18[0.60,1.75]
LL-CT 702+53 76.5£5.0%% 124[0.87,1.60] 9.4%  Time:p<<0.001 LL-CTvs CON  0.026 0.93[0.40,1.46]
BP-1IRM ML-CT 68.9+4.9  78.3+58%%# 1.82[1.46,2.18] 13.9%  Group:p=0.010 ML-CT vs CON  0.020 1.51[0.98,2.04]
CON  66.8+5.0 68.1+4.3  0.31[-0.07,0.69] 2.7% Interaction:p<<0.001 ML-CTvs LL-CT 1.000 0.58[0.07,1.10]
LL-CT  61.7+4.9  65.7£5.4** 0.91[0.70,1.12] 7.0%  Time:p<<0.001 LL-CTvs CON  0.013  0.72[0.42,1.03]
CMJ ML-CT 61.2+43  67.0£4.1%%# 123[1.02,1.44] 9.6%  Group:p=0.005 ML-CTvs CON  0.011  1.04[0.74,1.35]
CON 57445 58.6+4.3  0.19[[-0.03,0.41] 1.6% TInteraction:p<<0.001 ML-CTvs LL-CT 1.000 0.32[0.03,0.62]
LL-CT  50.3%4.2  53.9+4.2%%# 0.89[0.58,1.20] 6.7%  Time:p<<0.001 LL-CT vs CON  0.027 0.90[0.45,1.35]
SJ ML-CT  49.6£3.0  54.4+2.9%*# 1.30[0.99,1.61] 10.2%  Group:p=0.012 ML-CT vs CON  0.026 1.31[0.86,1.77]
CON  47.7+3.9 47.4+4.5  -0.01[-0.04,0.32] 0.02% (nteraction:p<<0.001 ML-CT vs LL-CT 1.000 0.41[-0.03,0.86]
LL-CT 4.32+0.07 4.2420.08** 1.02[0.39,1.64] -1.9%  Time:p<<0.001 LL-CTvs CON  0.103 1.22[0.31,2.13]
30M  ML-CT 4.32+0.06 4.19+0.07**# 1.76[1.13,2.38] -3.2%  Group:p=0.022 ML-CT vs CON  0.026 1.96[1.05,2.87]
CON  4360.10  4.34+0.12 -0.20[-0.87,0.45] -0.3% Interaction:p=0.007 ML-CT vs LL-CT 1.000 0.74[-0.13,1.61]
LL-CT 2.312£0.10 2.24+0.11*%*# 0.92[0.47,1.38] -3.3%  Time:p<<0.001 LL-CTvs CON  0.015 0.80[0.12,1.46]
505  ML-CT 2.33£0.08 2.24+0.11%*# 1.22[0.76,1.67] -43%  Group:p=0.010 ML-CT vs CON  0.047 1.09[0.43,1.76]
CON  2.38+0.04  2.38+0.06 0.12[-0.36,0.60] -0.5% Interaction:p=0.006 ML-CT vs LL-CT 1.000 0.30[-0.35,0.95]
LL-CT 51.243.0 53.9£2.8**## 1.02[0.64,1.40] 5.4%  Time:p<<0.001 LL-CTvs CON  0.003 0.80[0.24,1.35]
VOxmax ML-CT  50.9+25  52.742.1%%# 0.65[-27,1.03] 3.5%  Group:p=0.003 ML-CT vs CON  0.028 0.42[-0.13,0.97]
CON  492+22 48.5+2.3  0.23[-0.17,0.63] -1.2% Interaction:;p<<0.001 ML-CTvs LL-CT 1.000 -0.37[-0.91,0.16]
EES D .

LL-CT 761.5£37.3 ;g‘z"giz'?**z 0.82[0.33,1.31] g'g;’ Time:p<<0.001 LL-CTvs CON  0.018 1.08[0.37,1.80]
PP (W) ML-CT 767.3£51.9 e 1.54[1.04,2.03] 502 Group:p<<0.001 ML-CT vs CON  0.001 1.80[1.08,2.52]
CON 7357285 .. 47, -026[-0.78,026] Interaction:p<<0.001 ML-CTvs LL-CT 0.544  0.72[0.02,1.42]
LL-CT  10.5£0.6  10.8+0.7** 0.50[0.22,0.79] 3.4%  Time:p<<0.001 LL-CTvs CON  1.000 0.20[-0.21,0.62]
RPP  ML-CT 105209  10.9£0.9**  0.68[0.40,0.97] 4.7%  Group:p=0.763 ML-CT vs CON  1.000 0.38[-0.03,0.80]
CON 104404 10.5£0.4  0.30[0.00,0.60] 2.1% Interaction:p=0.188 ML-CT vs LL-CT 1.000 018[-0.22,0.58]

BS-1RM: Squat One-Repetition Maximum; BP-1RM: Bench Press One-Repetition Maximum; CMJ: Countermovement Jump; SJ: Squat Jump; 505: 505 Change-
of-Direction Test; 30M: 30-Meter Sprint; VO.max: Maximal Oxygen Uptake; PP: Peak Anaerobic Power; PP/kg: Relative Peak Anaerobic Power; A%: Individual
responsiveness (% change from pre- to post-intervention); * indicates a significant within-group difference, p < 0.05; ** indicates a highly significant within-group
difference, p < 0.01; # indicates a significant between-group difference compared to the control group, p < 0.05; ## indicates a highly significant between-group
difference compared to the control group, p < 0.01.
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interaction effects; post-hoc within-group comparisons fur-
ther indicated that a significant increase occurred only in
the ML - CT group (p < 0.05), with no changes in LL - CT
or control. Red cell distribution width and mean corpuscu-
lar hemoglobin concentration also showed time effects
only (both p <0.001) with no between-group or interaction
effects; post-hoc within-group comparisons indicated that
significant changes occurred only in the two training
groups—RDW decreased and MCHC increased (both p <
0.05)—with no changes in the control group.

In-session training load metrics
In-session training load metrics (see Table 4). Acrossses-

sions 1, 8, and 16, no between-group differences were ob-
served for rating of perceived exertion or session RPE load
(both p = 0.815). In the LL-CT group, RPE decreased from
8.25+0.35 at session 1 to 7.65 +0.47 at session 16 (-7.3%),
whereas in the ML - CT group it changed from 8.35 + 0.24
to 7.95 £ 0.37 (-4.8%). sRPE showed small fluctuations
over time—198.0 = 8.49, 188.4 + 12.71, and 183.6 £ 11.38
in LL-CT and 200.4 = 5.80, 181.2 £3.79, and 190.8 + 8.85
in ML-CT—with no overall between-group difference (p =
0.815) (Figure 4). The total number of repetitions increased
as training progressed in both groups: LL-CT, 353.7 £
10.48, 374.2 £ 11.64, and 383.1 &+ 15.18 (+8.3% from ses-
sion 1 to 16); ML-CT, 187.6+11.14, 191.2 + 8.87, and

Table 3. Pre- and post-intervention hormonal and hematological measurements in each group.

X Main and Post-hoc pairwise comparisons
Variables Group  Pre-Test Post-Test ES+[95%Cl] A% .

Interaction Effects Between-group p ES+[95%Cl]
LL-CT 587.3:109.5 686.4+97.5* 0.78[0.37,1.20] 19.5%  Time:p<<0.001 ~ LL-CTvs CON  1.000  0.90[0.30,1.50]
T ML-CT 669.9+112.8 786.7+101.9%# 0.87[0.46,1.29] 182%  Group:p=0.045 ML-CTvs CON  0.046  0.99[0.39,1.59]
CON  597.6+148.6 586.4+148.6 -0.12[-0.55,0.32] -1.0% Interaction:p=0.004 ML-CT vs LL-CT 0.286  0.09[-0.49,0.67]
LL-CT 213+23 19.8+3.9  0.54[-0.31,1.38] -6.9%  Time:p=0.587 LL-CTvs CON  0.675  1.10[-0.14,2.34]
C ML-CT  20.8+1.8 19.6+4.1  0.43[-0.42,1.28] -5.9%  Group:p=0.265 ML-CTvs CON 0361  1.00[-0.24,2.23]
CON 212441 22.8+2.7  -0.56[-1.46,0.33] 12.6% Interaction;p=0.154 ML-CT vs LL-CT 1.000  -0.11[-1.31,1.10]
LL-CT  6.2%1.1 6.6£1.1  0.23[-0.58,1.04] 5.3% Time:p=0.592 LL-CTvs CON  0.084  0.24[-0.93,1.42]
WBC ML-CT 6.4+1.3 6.7£12  0.16[-0.65,0.97] 3.8%  Group:p=0.053  ML-CTvs CON  0.124  0.17[-1.00,1.35]
CON 77126 77422 -0.01[-0.86,0.84] -1.2% Interaction:p=0.910 ML-CTvs LL-CT 1.000  -0.07[-1.22,1.07]
LL-CT  5.0£03 52404  0.51[-0.01,1.04] 4.0% Time:p=0.123 LL-CTvs CON  0.598  0.61[-0.15,1.37
RBC ML-CT 53404 5.4+0.7  0.30[-0.22,0.83] 2.1%  Group:p=0.308  ML-CTvs CON  1.000  0.41[-0.35,1.16]
CON 53103 53402  -0.10[-0.65,0.45] -0.3% Interaction:p=0.262 ML-CT vs LL-CT 0.559  -0.21[-0.95,0.53]
LL-CT 15.0£12 15.1£1.0  0.31[-0.04,0.65] 2.8% Time:p=0.006 LL-CTvs CON  0.559  0.22[-0.28,0.72]
Hb  ML-CT 152+1.1 15.8+0.8*  0.48[0.13,0.83] 4.0%  Group:p=0411  ML-CTvs CON  1.000  0.39[-0.11,0.89]
CON  157+12 15.8£0.7  0.09[-0.27,0.46] 1.1% Interaction:p=0.298 ML-CT vs LL-CT 1.000  0.17[-0.32,0.66]
LL-CT  49.0£3.0 47.7+17  -0.49[-0.98,0.01] -2.5%  Time:p=0.191 LL-CTvs CON 0251  -0.54[-1.26,0.18]
HCT ML-CT 488+25 48.3+2.6  -0.13[-0.63,0.36] -0.5%  Group:p=0.104 ML-CTvs CON  0.149  -0.18[-0.90,0.54]
CON  463+2.3 462433 0.05[-0.57,0.47] 0.5% Interaction:p=0.307 ML-CT vs LL-CT 1.000  0.36[-0.34,1.06]
LL-CT 12403 12.1£0.3*%  0.43[0.09,0.77] -2.5%  Time:p<<0.001  LL-CTvs CON  1.000  0.22[-0.28,0.72]
RDW  ML-CT 12.8+1.1  12.441.0%* 0.48[0.13,0.82] -2.6%  Group:p=0.375 ML-CTvs CON  0.701  0.27[-0.23,0.77]
CON 123405  12.1£0.5  021[-0.16,0.57] -1.1% Interaction:p=0.508 ML-CTvs LL-CT 0.674  0.05[-0.44,0.53]
LL-CT  29.4%3.6 29.6+3.6  0.22[-0.06,0.51] 2.0% Time:p=0.252 LL-CTvs CON  1.000  0.32[-0.09,0.73]
MCH ML-CT 29.7+1.4 30.241.3  0.16[-0.12,0.45] 13%  Group:p=0.667 ML-CTvs CON  1.000  0.26[-0.15,0.67]
CON  291+1.2 29.1+£2.0  -0.10[-0.40,0.20] -0.9% Interaction:p=0.260 ML-CT vs LL-CT 1.000  -0.06[-0.46,0.34]
LL-CT 31.9+1.5  32.9+1.2%% 0.97[0.28,1.66] 42%  Time:p<<0.00l  LL-CTvs CON 0477  0.32[-0.09,0.73]
MCHC ML-CT 31.840.7  33.2+0.6** 1.09[0.40,1.78] 4.0%  Group:p=0.289  ML-CTvs CON  0.555  0.26[-0.15,0.67]
CON  31.5+12 32.3£1.8  0.56[-0.16,1.29] 1.6% Interaction:p=0.536 ML-CT vs LL-CT 1.000  -0.06[-0.46,0.34]

T: Testosterone; C: Cortisol; WBC: White Blood Cells; RBC: Red Blood Cells; HB: Hemoglobin; HCT: Hematocrit; RDW: Red Cell Distribution Width; MCH: Mean
Corpuscular Hemoglobin; MCHC: Mean Corpuscular Hemoglobin Concentration; A%: Individual responsiveness (% change from pre- to post-intervention); * indicates
a significant within-group difference, p < 0.05; ** indicates a highly significant within-group difference, p < 0.01; # indicates a significant between-group difference
compared to the control group, p < 0.05; ## indicates a highly significant between-group difference compared to the control group, p <0.01.

Table 4. Internal training load and work output across three sessions in LL-CT and ML-CT.

Subjects Group Sessionl Session8 Session16 p

RPE MLCT  g3si0e 7555016 155037 0%

e LG mme meny mely

Towlrepetitons  \ilor  Ggygriiia ioloessy  fosiriias <009
LL-CT 9333.23+681.16 9882.6+£777.15 10122.45+810.04

Total volume load 0.49

ML-CT 9771.83+£833.96 9998.28+649.33 10268.48+759.18
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Figure 4. Proportional distribution of individual response magnitudes (pre—post) across groups.
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Figure 5. Proportional distribution of individual response magnitudes (pre—post) across groups.

195.1 £ 11.34 (+4.0%). Total training volume was compa-
rable between groups and increased over time (between-
group p = 0.490): LL-CT rose from 9333.23 + 681.16 to
10122.45 + 810.04 (+8.5%), and ML - CT from 9771.83 +
833.96 to 10268.48 + 759.18 (+5.1%) (Figure 5).

Discussion

This study evaluated whether a low-load barbell circuit
produces adaptations comparable to a moderate-load cir-
cuit in resistance-trained men. Both programs yielded sig-
nificant gains in maximum strength, jump performance,
505 change-of-direction performance, absolute peak anaer-
obic power, and maximal oxygen uptake. Relative peak

anaerobic power showed significant within-group time ef-
fects in both training groups but no between-group differ-
ences. For straight-line speed, the 30-metre sprint im-
proved only in the moderate-load group versus control,
whereas the low-load group did not differ from control; the
control group improved only in back-squat one-repetition
maximum. In the hormonal and hematological profile, se-
rum total testosterone increased over time with a time X
group interaction; post-hoc comparisons showed higher
post-test values in the moderate-load group than in control,
whereas cortisol did not change. Hemoglobin demon-
strated a time effect, with a significant pre—post increase
only in the moderate-load group. Red cell distribution
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width decreased over time and mean corpuscular hemoglo-
bin concentration increased over time, with significant
within-group changes confined to the two training groups;
white blood cell count, red blood cell count, hematocrit,
and mean corpuscular hemoglobin showed no between-
group or interaction effects.

Maximal strength

LL - CT and ML - CT both significantly enhanced maximal
strength, with greater gains than the CON group. These
findings align with previous research by Feito et al.
(2018b), which showed a 14% improvement in SRM squat
after 16 weeks of CT in recreationally active adults. Simi-
larly, Kraemer et al. (2002) emphasized that incorporating
multi-joint exercises in training programs enhances
strength development. Mechanistically, circuit formats
built around compound lifts likely improve neuromuscular
activation and inter-muscular coordination, increasing re-
cruitment of high-threshold type II motor units, which in
turn supports gains in maximal strength (Jenkins et al.,
2017).

Moreover, no significant difference was detected
between the low-load and moderate-load circuits for squat
IRM, with large effect sizes in both protocols. In the pre-
sent design, time under tension was equated (30-s work,
30-s rest; four rounds) and internal load and exposure were
broadly similar between protocols (comparable RPE/sRPE
and total volume). Under such matched exposure, maximal
strength can improve through two partially overlapping
pathways: (i) mechanical-tension/peak-force—dominant
stimuli under moderate loads, and (ii) velocity-domi-
nant/high-repetition practice under lower loads that ele-
vates metabolic stress and drives progressive motor-unit
recruitment, while increasing session work performed
within the fixed work-rest structure (Schoenfeld, 2010;
Campos et al., 2002). Together with frequent practice of
the tested movement patterns, these stimuli converge on
neural adaptations (greater drive, rate coding, and coordi-
nation), which plausibly explains the absence of between-
protocol differences despite distinct external loads. Con-
sistent with this interpretation, individual responsiveness
indicated moderate-to-high response magnitudes in both
groups.

In this experiment, the reason for the increase in
squat 1RM observed in the CON group remains unclear.
We posit two plausible explanations: (1) intra-day and day-
to-day status fluctuations—short-term neuromuscular per-
formance is modulated by circadian rhythms, core temper-
ature, and central excitability; minor differences between
sessions in sleep, fatigue, or daily routines can produce
measurable variability even without true training adapta-
tion, presenting as a small rise in 1RM; and (2) familiari-
zation from repeated testing—repeated exposure to 1RM
assessments can rapidly refine lifting technique and force-
application timing, enhancing neural drive and intermuscu-
lar coordination. Prior reviews indicate that 1RM test-re-
test reliability is strongly affected by the extent of familiar-
ization, and recent work suggests a minimal detectable
change for the back squat of approximately 10 kg, imply-
ing that small gains in the control group may reflect famil-
iarization and/or remain within the bounds of measurement

error (Grgic et al. 2020, Micke et al. 2025).

Moreover, no significant difference was detected
between the low-load and moderate-load circuits for squat
1RM, with large effect sizes in both protocols. In the pre-
sent design, time under tension was equated (30-s work,
30-s rest; four rounds) and internal load and exposure were
broadly similar between protocols (comparable RPE/sRPE
and total volume). Under such matched exposure, maximal
strength can improve through two partially overlapping
pathways: (i) mechanical-tension/peak-force-dominant
stimuli under moderate loads, and (ii) velocity-domi-
nant/high-repetition practice under lower loads that
elevates metabolic stress and drives progressive motor-unit
recruitment, while increasing session work performed
within the fixed work—rest structure (Schoenfeld, 2010;
Campos et al., 2002). Together with frequent practice of
the tested movement patterns, these stimuli converge on
neural adaptations (greater drive, rate coding, and coordi-
nation), which plausibly explains the absence of between-
protocol differences despite distinct external loads. Con-
sistent with this interpretation, individual responsiveness
indicated moderate-to-high response magnitudes in both
groups.

In this experiment, the reason for the increase in
squat 1RM observed in the CON group remains unclear.
We posit two plausible explanations: (1) intra-day and day-
to-day status fluctuations—short-term neuromuscular per-
formance is modulated by circadian rhythms, core temper-
ature, and central excitability; minor differences between
sessions in sleep, fatigue, or daily routines can produce
measurable variability even without true training adapta-
tion, presenting as a small rise in 1RM; and (2) familiari-
zation from repeated testing—repeated exposure to 1RM
assessments can rapidly refine lifting technique and force-
application timing, enhancing neural drive and intermuscu-
lar coordination. Prior reviews indicate that IRM test-re-
test reliability is strongly affected by the extent of familiar-
ization, and recent work suggests a minimal detectable
change for the back squat of approximately 10 kg, imply-
ing that small gains in the control group may reflect famil-
iarization and/or remain within the bounds of measurement
error (Grgic et al., 2020; Micke et al., 2025).

Lower-limb explosiveness

This study found that multi-joint structured circuit training
performed with low-load and moderate-load strategies
both produced significant improvements in lower-limb
jump performance relative to control, suggesting that dif-
ferent external loads can achieve comparable transfer via
distinct pathways.

First, power—-movement specificity provides a com-
mon foundation. The power-optimal load is exercise-de-
pendent: weightlifting derivatives (clean-type movements)
typically attain peak power at >70% of one-repetition max-
imum, whereas squats often exhibit higher power outputs
across the moderate-load range of ~30 - 70% 1RM (So-
riano et al. 2015). When overall training exposure is
equated, both LL-CT and ML - CT may place the selected
exercises near their respective power-optimal zones, laying
the groundwork for improvements in jump ability.

Second, jump height is determined by net propul-
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sive impulse rather than any single peak value (Ruddock
and Winter, 2016). In terms of force—time characteristics,
ML-CT is more likely to increase impulse by elevating
peak force and extending the effective time of force appli-
cation during the later portion of the concentric phase; LL-
CT, by contrast, is more likely to increase effective impulse
by shortening the latency to force development, enhancing
early-phase rate of force development, and optimizing
phase coupling of the stretch—shortening cycle (Maffiuletti
et al., 2016). Although these routes emphasize different el-
ements, both ultimately translate into higher take-off ve-
locity and, consequently, greater jump height.

Finally, adaptations at the neural-coordination level
also support gains in jump performance. Increases in ex-
plosive strength are commonly accompanied by upregu-
lated motor-unit recruitment and firing rates, reduced an-
tagonist co-contraction, heightened corticospinal excitabil-
ity, and improved intermuscular coordination (Jenkins et
al., 2017). Under an intention of maximal effort, low loads
can still elicit high neural drive, whereas moderate loads
maintain movement velocity while providing greater me-
chanical tension. These neural benefits partially overlap
across conditions, collectively facilitating improvements in
jump performance.

Sprinting and agility
This study showed significant effects of time and signifi-
cant time x group interactions for both the 30-m sprint and
the 505 test. For the 505, both circuit-training conditions
(LL - CT and ML - CT) outperformed the control (p <
0.05), whereas for the 30-m sprint only ML-CT exceeded
CON, with no difference between LL - CT and CON. Re-
garding change-of-direction ability, the 505 entails a 180°
turn that emphasizes high-speed deceleration, braking, and
re-acceleration. Its key determinants include greater eccen-
tric braking capacity, higher ground-reaction force produc-
tion, and the force—time configuration during the plant step
(e.g., shorter braking time and higher braking-phase
force/power) (Nygaard Falch et al., 2019). Both CT proto-
cols employed compound, multi-joint exercises; with total
training load matched, ML - CT likely enhanced eccen-
tric/isometric strength and late-phase rate of force develop-
ment via moderate-to-high loads, whereas LL - CT likely
improved early-phase RFD, stretch—shortening cycle coor-
dination, and movement technique via low-load, high-ve-
locity and plyometric work (Aagaard et al., 2002). Conse-
quently, both translated into significant gains on the 505.
By contrast, performance over the first 20 - 30 m of
a 30-m sprint is driven more by horizontal maximal force
(Fo) and horizontal impulse (Morin et al., 2015). Moderate-
to-higher-load strength training more readily increases Fo
as well as contact-phase peak force and impulse, which
manifests as faster acceleration over 0 - 30 m. Although
low-load, high-velocity training can enhance motor-unit
firing rates and velocity-oriented capacities, it may be in-
sufficient to meaningfully elevate Fo within eight weeks;
thus, under matched training volume, LL - CT did not sur-
pass CON in the 30-m sprint as ML - CT did. Consistent
with this interpretation, prior evidence indicates that lower-
limb strength (e.g., squat) is moderately to largely associ-
ated with improvements in short-distance sprinting, and

that horizontally oriented training/resisted sprinting (e.g.,
sled towing) is particularly effective for the acceleration
phase (Seitz et al., 2014).

Anaerobic power

In this study, we observed that although both the LL-CT
and ML-CT groups exhibited significant within-group in-
creases in absolute PP and RPP after the intervention, only
PP reached statistical significance in the between-group
comparison with the CON.

First, the improvement in PP under both CT proto-
cols is plausibly underpinned by three complementary
mechanisms. (1) Physiological basis of the Wingate test:
the PP in the WAnNT is largely determined by explosive out-
put during the first 3 - 10 s, relying on the immediate ATP—
PCr supply and superior neuromuscular activation and rate
of force development, whereas mean power over the full
30 s depends more on glycolytic contribution (=45 - 52%)
(Tortu et al., 2024). Accordingly, any training that effec-
tively enhances early motor-unit recruitment and maximal
power output—regardless of the external-load pathway—
can provide a physiological foundation for increasing PP
(Cormie et al., 2011). (2) Load—velocity equivalence: when
total work is matched, different load—velocity configura-
tions often yield equivalent gains in PP. For example, in
prior “iso-work™ high-intensity interval cycling, both high-
resistance/low-cadence and low-resistance/high-cadence
prescriptions produced significant increases in WAnT PP
and mean power after six weeks, with no group X time in-
teraction (Tomabechi et al., 2021). This aligns with the pre-
sent finding that two distinct CT pathways (LL-CT and
ML-CT) similarly improved PP without between-protocol
differences. (3) Specific adaptations to CT: the multi-joint,
high-intensity, and explosive characteristics of CT can
transfer to Wingate performance. Neuromuscularly, CT
promotes preferential recruitment of type Il fibers and ele-
vates RFD, thereby increasing peak force and explosive
power (Murawska-Cialowicz et al., 2015). In parallel, di-
verse functional movement patterns may optimize central
nervous system regulation of motor units (e.g., recruitment
and synchronization), improving neuromuscular efficiency
(Posnakidis et al., 2022). Metabolically, high-intensity for-
mats commonly used in CT (e.g., AMRAP sets within 30-
s windows) chronically stress the ATP - PCr and glycolytic
systems, increasing phosphocreatine stores and anaerobic
enzyme activity and thereby enhancing the capacity to sup-
ply energy during 30-s all-out efforts (Gastin, 2001).

Second, the absence of a significant difference in
RPP between the LL - CT/ML - CT groups and CON is
likely attributable to limitations of the normalization
method. Because the Wingate test is performed in a seated,
non—weight-bearing position, ratio scaling to body mass
(W-kg?) is prone to overcorrection. When body mass—
particularly fat-free mass—increases, genuine improve-
ments in relative power can be attenuated (Castafieda-Ba-
barro, 2021). More appropriate approaches include allome-
tric scaling or normalization to fat-free mass (FFM) and/or
lower-limb lean mass (Ugok et al., 2005). Multiple studies
have shown that Wingate power is significantly associated
with FFM, lower-limb lean mass, or muscle cross-sectional
area, and that prescribing WAnT resistance relative to FFM



206

Individualized circuit training adaptations

rather than total body mass yields higher peak power out-
puts (Perez-Gomez et al., 2008; Coelho-e-Silva et al.,
2020). Accordingly, when an intervention increases FFM,
absolute PP is the more sensitive indicator of training-in-
duced improvement, whereas RPP may be partially offset
by concomitant changes in body mass.

Metabolic capacity

This study demonstrates that two circuit-training protocols
centered on multi-joint, structured movements (LL - CT
and ML - CT) produced significant increases in VO2max
over 8 weeks and both outperformed the control group,
with no significant difference between the two protocols.
This pattern aligns with recent evidence indicating that cir-
cuit training—including CrossFit and related high-inten-
sity functional training—effectively improves cardi-
orespiratory fitness (Ramos-Campo et al., 2021).

From a mechanistic standpoint, the capacity of CT
to improve VO2max lies in the high and sustained internal
physiological load generated within each session by
“multi-muscle, multi-joint, continuously compounded”
work (simultaneous elevations in heart rate, ventilation,
and metabolic stress) (Alcaraz et al., 2008). This load con-
currently elicits central and peripheral adaptations: cen-
trally, increases in stroke volume and cardiac output along-
side plasma-volume expansion (Hellsten and Nyberg,
2016); peripherally, enhancements in mitochondrial bio-
genesis, oxidative enzyme activity, and capillary density
(Mglmen et al. 2025). Together, these dual pathways aug-
ment both oxygen delivery and utilization, thereby driving
gains in VO2max.

As to why LL-CT and ML-CT produced compara-
ble improvements in VO.max, we posit that the determin-
ing factor is not the external load percentage per se
(%1RM), but rather the equivalence in total training load
(intensity X volume) and intensity density (time spent at
high intensity per unit time) between groups. Under an iso-
work design, the two protocols—despite differing in exter-
nal resistance—Ilikely exposed participants to similar dura-
tions of high-intensity effort and comparable per-unit-time
metabolic stress within sessions, thereby converging on
similar central-peripheral adaptations.

This interpretation is supported by external evi-
dence: a recent study identified training load as a key pre-
dictor of increases in mitochondrial content and VO:max;
moreover, when total load is comparable, continuous en-
durance training, high-intensity interval training, and sprint
interval training do not differ significantly in their average
effects on VOmax (Mglmen et al., 2025). In other words,
once a sufficient load threshold is achieved (as with the
high-intensity stimulus delivered by both CT protocols in
this study), adaptive improvements occur and between-
mode differences are markedly attenuated—consistent
with our observations.

In sum, given iso-work and similar intensity den-
sity, CT elevates VO2max via coordinated central hemody-
namic and peripheral oxidative adaptations. Consequently,
CT protocols employing different external-load spectra can
yield broadly equivalent aerobic benefits.

Hormonal adaptations
Resting testosterone concentration is commonly regarded

as a marker of enhanced anabolic status, particularly when
accompanied by a concurrent reduction in cortisol levels
(Staron et al., 1994). This study showed that, after 8 weeks,
ML - CT produced higher resting total testosterone than the
CON, whereas LL - CT exhibited only within-group in-
creases; cortisol remained stable. Mechanistically, three
factors may account for the greater upward shift in resting
testosterone with ML - CT. First, structured lifts performed
at~70% 1RM, combined with circuit density, typically im-
pose greater mechanical tension and metabolic load, re-
peatedly eliciting stronger acute testosterone surges. Over
time, such repeated responses may manifest in some indi-
viduals as a modest upward shift in resting levels; compar-
ative studies also show that CT sessions can acutely elevate
both testosterone and cortisol shortly post-exercise (Jacob
et al., 2020). Second, evidence indicates that the average
effect of exercise training on resting testosterone in eu-
gonadal men is small, but testosterone elevations are more
pronounced when training is accompanied by reductions in
body fat—potentially via decreased aromatization and im-
proved leptin/insulin sensitivity, which enhance gonado-
tropin secretion (Potter et al., 2021). If ML - CT confers
greater energy expenditure or improves the FFM-to-fat ra-
tio more than LL - CT, this could partially explain its be-
tween-group advantage in testosterone. Third, numerous
studies suggest that intramuscular androgen receptor con-
tent/sensitivity may explain training adaptations better than
circulating hormone levels per se; even when resting hor-
mones change little, AR upregulation can amplify anabolic
signaling (Cardaci et al., 2020). Accordingly, changes in
resting testosterone are best interpreted as a concurrent bi-
omarker, rather than a sole causal driver.

By contrast, no chronic change in resting cortisol
was observed. This accords with current consensus that
resting cortisol or the T/C ratio has limited diagnostic util-
ity for detecting long-term load-recovery imbalance; its
training relevance should be judged alongside objective
performance, perceived fatigue, sleep and mood status, and
external training load (Meeusen et al., 2013). When load—
recovery is well matched, resting cortisol commonly re-
mains stable.

Crucially, an increase in resting testosterone should
not be equated with greater hypertrophy or strength gains
(Schoenfeld, 2010). Large-sample studies and reviews in-
dicate that acute/systemic hormonal surges are weakly re-
lated to hypertrophy and strength outcomes; local factors—
mechanical tension, motor-unit recruitment, training vol-
ume/progression, and nutrition—are the primary drivers
(West and Phillips, 2012). Thus, the upward shift in T ob-
served with ML-CT is better viewed as indirect evidence
of a stronger systemic signal and a favorable training—re-
covery milieu, rather than the sole explanation for training
effects.

Hematological adaptations

After the 8-week intervention, only the moderate-load cir-
cuit training group exhibited a statistically significant in-
crease in resting hemoglobin concentration, whereas both
training groups showed significant time-dependent de-
creases in red cell distribution width and increases in mean
corpuscular hemoglobin concentration. By contrast, white
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blood cell count, red blood cell count, hematocrit, and
mean corpuscular hemoglobin showed no significant
group, time, or group X time interaction effects.

Regarding the phenomenon of increased hemoglo-
bin with essentially unchanged hematocrit, we speculate
that this pattern may arise from a biphasic adaptation of
blood volume induced by endurance- and circuit-type
training. Evidence indicates that plasma volume typically
expands within days to ~1 - 2 weeks, whereas red blood
cell volume and total hemoglobin mass accumulate more
gradually over the subsequent weeks (Convertino, 1991).
Although these compartments change in the same direc-
tion, their time courses differ; consequently, hematocrit—
as a volumetric fraction—often remains stable or transi-
ently decreases due to hemodilution (Mairbaurl, 2013;
Damian et al., 2021). Within this framework, the ML - CT
response observed in our study is compatible with modest
erythropoietic stimulation and/or greater hemoglobiniza-
tion of erythrocytes, while concurrent plasma-volume ex-
pansion may have offset any upward shift in hematocrit at
the whole-blood level (Oberholzer et al., 2019). Under a
relatively constant HCT, an increase in hemoglobin con-
centration would be expected to manifest as a higher Mean
corpuscular hemoglobin concentration (MCHC), which ac-
cords with our studies.

Beyond hemoglobin, the combination of lower
RDW and higher MCHC suggests a more homogeneous
erythrocyte profile. RDW reflects heterogeneity in eryth-
rocyte size; reductions typically indicate a more uniform
and mature cell population (Caimi et al., 2023). Prior work
indicates that chronic training may narrow the size distri-
bution via one or more mechanisms (for example, im-
proved erythrocyte deformability, enhanced clearance of
senescent cells, a higher proportion of younger cells, and
improved iron handling), changes that have been associ-
ated with better cardiorespiratory fitness (Mairbéurl,
2013). The increase in MCHC is compatible with a higher
hemoglobin concentration per unit cell volume; potential
contributions from changes in cell hydration/volume regu-
lation remain speculative and were not directly assessed.
The lack of a significant change in MCH is not contradic-
tory, as MCH depends on both mean corpuscular volume
and hemoglobin content; in the absence of systematic
changes in cell volume—and with iron status not directly
assessed here—MCHC is likely the more sensitive indica-
tor of enhanced intracellular hemoglobin filling (Gal-
lagher, 2017).

Finally, the absence of significant effects for white
blood cell count, red blood cell count, hematocrit, and
MCH is physiologically coherent. Although a single high-
intensity session can transiently mobilize leukocytes,
standardized resting samples typically return to baseline
within 24 - 48 hours (Gomes et al., 2020). Red blood cell
count and HCT are jointly regulated by plasma and red-cell
compartments; over an 8-week window, they may reflect a
dynamic equilibrium rather than large net shifts (Merritt
and Wheeler 2014). Overall, the hematological indices ob-
served here are consistent with subtle yet favorable adap-
tations within the erythrocyte compartment without meas-
urable changes in cell counts or volumetric fractions.

Limitations

Several limitations of this study should be acknowledged.
First, the per-group sample size in this three-arm design
was modest, which may have reduced statistical power and
widened confidence intervals; although we reanalyzed out-
comes using linear mixed-effects models to improve preci-
sion, the study remains underpowered to detect small ef-
fects. Second, CT inherently emphasizes individualized
programming, and ideally, training loads should be ad-
justed dynamically based on participant adaptation during
the intervention. However, due to the absence of mid-point
testing, individualized load progression was not imple-
mented, which may have limited the full realization of
training benefits. Second, the participant sample was lim-
ited to resistance-trained males. As such, the generalizabil-
ity of these findings to novice trainees, females, or other
special populations is limited. Future studies are needed to
verify the applicability of these results across broader pop-
ulations.

Conclusion

Low-load circuit training demonstrates the potential to im-
prove physical and physiological outcomes in resistance-
trained men while utilizing a lower external load. The over-
all effectiveness of LL-CT appears comparable to that of
ML-CT, suggesting that it may serve as an efficient and
practical alternative in training practice.
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Key points

o In resistance-trained men, LL-CT was associated with im-
provements in physical and physiological outcomes, even
when performed with lower external loads.

e Under the conditions of this study, the overall responses to
LL-CT were broadly comparable to those observed with
ML-CT.

e When reducing external load is desirable or necessary, LL-
CT may represent a feasible training option with practical
applicability.
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