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Abstract

This study investigated whether a strength training session-in-
duced acute fatigue is related to individuals’ strength training ad-
aptations in maximal force and/or muscle hypertrophy, and
whether acute responses in serum testosterone (T) and growth
hormone (GH) concentrations during the training sessions would
be associated with individual neuromuscular adaptations. 26
males completed the 10-week strength-training intervention,
which included fatiguing dynamic leg press acute loading bouts
(5 x 10 RM) at weeks two, four, six, and ten. Blood samples were
collected before and after the loading and after 24h of recovery
for serum T, GH, and cortisol (C) concentrations at weeks 2, 6,
and 10. The cross-sectional area of the vastus lateralis was meas-
ured by ultrasonography. Isometric force measurements were per-
formed before and immediately after loadings, and loading-in-
duced acute decrease in maximal force was reported as the fatigue
percentage. The subjects were split into three groups according to
the degree of training-induced muscle hypertrophy after the train-
ing period. Increases in isometric force were significant for High
Responders (HR, n = 10) (by 24.3 % £ 17.2, p = 0.035) and Me-
dium Responders (MR, n = 7) (by 23.8 % + 5.5, p = 0.002),
whereas the increase of 26.2 % (£16.5) in Low Responders (LR,
n=7) was not significant. The amount of work (cm + s) increased
significantly at every measurement point in all the groups. A sig-
nificant correlation was observed between the fatigue percentage
and relative changes in isometric force after the training period
for the whole group (R =0.475, p = 0.022) and separately only in
HR (R =0.643, p = 0.049). Only the HR group showed increased
acute serum GH concentrations at every measurement point.
There was also a significant acute increase in serum T for HR at
weeks 6 and 10. HR showed the strongest correlation between
acute loading-induced fatigue and isometric force gains. HR was
also more sensitive to acute increases in serum concentrations of
T and GH after the loading. Acute fatigue and serum GH concen-
trations may be indicators of responsiveness to muscle strength
gain and, to some extent, muscle hypertrophy.

Key words: Strength training, muscle hypertrophy, strength
gains, individual differences, acute loading-induced fatigue, se-
rum responses of testosterone and growth hormone.

Introduction

Fatigue is a temporary and reversible decline in the ability
to produce voluntary force. It is usually a result of a previ-
ous exercise and/or an exercise session, and can be used as
an indirect measurement of the volume load (i.e. sets [no.]
x repetitions [no.] x load [kg]) of the body. Strength train-
ing volume (reps x sets) has been proposed to be an im-
portant factor for hypertrophic adaptations (Figueiredo et

al., 2018; Heaselgrave et al., 2019; Krieger, 2010; Ralston
et al., 2017; Schoenfeld and Grgic, 2018). Volume has
dose-response effects on post-workout increase in mTOR
signalling (Ahtiainen et al., 2015; Terzis et al., 2010), mus-
cle protein synthesis rate (Ogasawara et al., 2017), myo-
genic signalling (Drummond et al., 2010), acute neuromus-
cular fatigue and larger acute anabolic hormone response
(e.g. Ahtiainen et al., 2004; Hékkinen and Pakarinen, 1993;
Kraemer et al., 1999; Walker et al., 2015). A dose-response
relationship between resistance training (RT) volume and
training-induced hypertrophy has been observed for un-
trained men (Krieger, 2010; Schoenfeld et al., 2017), but
not always (Schoenfeld et al., 2019).

Higher volumes of resistance training could be
needed for maximizing the gains in muscle mass (Burd et
al., 2010; Terzis et al., 2010). It is not known, however,
whether an increase in acute fatigue during one training
session could indicate also increased hypertrophic adapta-
tions during the following training period. It is still unclear
whether fatigue is a significant stimulus for muscle hyper-
trophy or just the consequence of training. Improper fa-
tigue management seems to lead to decreased performance
(e.g., Fry and Kraemer, 1997; Gorostiaga et al., 2012) and
more fatigue produced by resistance training does not al-
ways mean larger strength gains (Pareja-Blanco et al.,
2020). The amount of fatigue needed for muscle hypertro-
phy is still unclear, and large inter-individual variation is
likely observed. In addition, a possible relationship be-
tween acute fatigue and training-induced adaptations in
muscle mass has not yet been determined systematically.

The magnitude of fatigue depends largely on RT
volume or duration (Hunter and Faulkner, 1997). High and
low-intensity eccentric exercises with the same amount of
work seems to induce similar fatigue (Gauche et al., 2009)
and intensity seems to affect fatigue only when the number
of repetitions is high (Nosaka and Sakamoto, 2001). Gen-
der can also affect largely fatigue capacity (Yoon et al.,
2007). Other factors such as rest time between sets and reps
and exercise type, can also greatly affect fatigue (Hernan-
dez et al., 2021). In addition, training to a failure induces
greater acute fatigue than no-failure training, even when
the volume is equated (Fonseca et al., 2020). Although the
optimal training frequency has been shown to vary between
different individuals (Damas et al., 2019), the individual
responses to these modifications have not been studied
thoroughly. Interestingly, individuals with the same genet-
ics have been shown to exhibit different amounts of muscle
damage (Gulbin and Gaffney, 2002) and twin studies

Received: 03 July 2023 / Accepted: 23 August 2023 / Published (online): 01 September 2023



Réntila et al.

560

(Marsh et al., 2020) have shown that genes may not play
such a large role as previously estimated from cross-sec-
tional studies in terms of training adaptations.

Increased fatigue during a training session seems to
increase post-workout acute serum hormone concentra-
tions for serum testosterone (T), cortisol (C), and growth
hormone (GH) (Hékkinen and Pakarinen, 1993), which
speculatively could positively affect training-induced long-
term hypertrophic adaptations. Serum hormone concentra-
tions of T over intensive and prolonged strength training
and/or acute postexercise increases in serum anabolic hor-
mone concentrations have been shown to be linked to mus-
cle hypertrophy and/or gains in strength (e.g. Ahtiainen et
al., 2003; Hakkinen et al., 1985; 1987; 1988; Hiakkinen and
Pakarinen, 1991; Kraemer et al., 1999; McCall et al., 1999;
Seppédnen and Hékkinen, 2022; Walker et al., 2015), alt-
hough some studies have not shown similar results (Mor-
ton et al., 2016; West et al., 2009; 2010).

The purpose of this study was to investigate
whether a strength training session-induced acute fatigue
would be related to individuals’ strength training-induced
gains in maximal force and/or muscle hypertrophy. In ad-
dition, this study investigated whether individual acute re-
sponses in serum hormone levels after the heavy resistance
training sessions would be associated with individual ad-
aptations of maximal strength and/or muscle hypertrophy
over a 10-week strength training period in male partici-
pants. We have earlier published one article (Réntila et al.,
2021) from our large research project, and the present pa-
per includes new data related to acute neuromuscular and
hormonal responses to single heavy resistance loading ses-
sion(s) performed before and after 10 weeks of hyper-
trophic type of strength training.

Methods

Participants

Twenty-six healthy, physically active men between the
ages of 19 - 30 years volunteered to participate in the study.
The subjects were recreationally physically active but
without a systematic strength training background. The ex-
clusion criteria included regular endurance training or team
sports more than once per week. They were advised not to
take part in any endurance or team sports activities during

the intervention.

After initial interviews, the participants’ suitability
for the intervention was examined using resting electrocar-
diography (ECG) and blood pressure measurements. A car-
diologist reviewed the participants' ECG data before they
were accepted into the study. In total, 32 participants un-
derwent pre-screening, and of these, 26 (age 24.6 years =
3.8, height 180 cm + 7.3, weight 77.0 kg + 10.0) were in-
cluded in the study. Potential risks and discomforts of the
study, and the possibility of dropping out from the research
project at any time were informed to the subjects, and then
they signed an informed consent document. Two subjects
dropped out of the study because of health problems unre-
lated to the study. The study was approved by the Human
Sciences Ethics Committee of the University of Jyvéskyla
and conducted in accordance with the Declaration of Hel-
sinki.

Study design

A total of a 13-week intervention was designed, which in-
cluded four measurement timepoints within the actual
training intervention (Figure 1). The study also included
two measurement points before the intervention. The ac-
tual intervention included ten weeks of progressive hyper-
trophic resistance training. The acute fatigue testing proce-
dure was performed four times during the training inter-
vention: 1) two weeks after the start of the intervention, 2)
four weeks, and 3) six weeks after the start of the training
intervention as well as 4) in the final tenth week of the
training intervention. The measurement sessions for indi-
vidual subjects were always performed at the same time of
day during the study period.

After the training intervention, the participants were
divided into three subgroups: high responders (HR), me-
dium responders (MR), and low responders (LR). The re-
sponsiveness was categorized based on the degree of mus-
cle growth (HR>15% n =10, MR 15 - 4,5% n =7, and LR
<4,5% n = 7) in Vastus Lateralis Cross-sectional area
(VLCSA) (measured by Panoramic ultrasonography), and
the mean hypertrophic results from these three subgroups
have been previously published (Réntild et al., 2021). The
level of responsiveness for the present paper was used to
analyse whether changes in VLCSA and fatigue were cor-
related.

CON TESTS PRE TESTS POST TESTS
ACUTE TESTS ACUTE TESTS ACUTE TESTS ACUTE TESTS
WK 2 WK 4 WK 6 WK 10
NO TRAINING \ [ \ \
L | ] | l | I
-1 0 2 4 6 10
CONTROL PERIOD 1 WK STRENGTH TRAINING INTERVENTION 10 WKS

Figure 1. Overview of the experimental design of the study. CON refers to Control. The control tests
lasted one week, the control period lasted one week, and the pre-tests were performed prior the intervention. The
training intervention lasted 10 weeks and posts tests were done one week (wk) after the strength training intervention.
Acute serum hormone responses were collected at wk 2, 6 and 10. The total length of the intervention was 13 weeks.
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Table 1. Training program. When only one variable increased (volume or intensity), it was expressed as a medium period, while
during a heavy week, both variables increased (volume and intensity).

Medium period Heavy period Medium period
Length 3 weeks 4 weeks 3 weeks
Progression Volume Volume and intensity Intensity
. Intensity increased +5% weekly in BP and ~ +5% intensity every week
+ . . .
Progression Type I set per weck for LP and BP LP. +1 set weekly for all assistant exercises. in BP and LP.

BP =bench press, LP = leg press

Procedures

Training

All subjects completed the 10-week training intervention,
which included 30 supervised training sessions three times
per week. None of the subjects missed more than two train-
ing sessions during the intervention, and the average par-
ticipation number in the training sessions was 29.1 + 0.93.

The training program was planned so that the vol-
ume of training (the number of sets) increased over the first
seven weeks, and thereafter, the volume remained approx-
imately the same, and the training intensity increased (per-
centage loads from the IRM) (Table 1).

Exercise selection choices were made to minimize
learning effects over the intervention. Leg press and bench
press were selected for the main exercises, and accessory
exercises included knee extension, knee flexion, dumbbell
bench press, seated French press, elbow flexion and exten-
sion, horizontal row, and core exercises. The summary of
the training program is shown in Table 2.

The tempo of the lift was controlled for the eccen-
tric phase (3s), and then the concentric part of the lift was
performed as explosive as possible. Rest time was 3
minutes for the main exercises and 60s for the other exer-
cises. The main exercises were horizontal leg press and
bench press. Rest time remained unchanged during the in-
tervention. Additionally, approximately 5 % of the overall
training volume was performed using maximal isometric
training contractions in the knee extension and knee flex-
ion machines with the knee angle of 90°. The isometric
bench press was performed at an elbow angle of 90°. The

isometric training force values were shown to participants
to encourage them to go over the previous values. Isomet-
ric training was also added to the program to maximize
strength development, taking into account specificity, and
to contribute positively also to hypertrophic adaptations.
The subjects trained either unilaterally or bilaterally. The
overall training volume was carefully equated between the
groups. The subjects received and consumed one protein
bar including 203 kcal, 7 g of fat, 20.1 g of carbohydrate,
and 19.6 g of protein after each training session.

Data collection and analyses

VLCSA, isometric and dynamic strength tests, and blood
samples were measured at the control-, pre- and post-tests.
During the acute testing process blood samples, isometric
strength testing, work, and fatigue percentage were col-
lected. The measurements were performed at different
times of day but always at the same time of day for each
subject.

Acute loading and testing

The acute testing and measurements were performed four
times during the actual training period. Maximal isometric
leg press was performed before and after the loading.
Blood samples for serum hormones were also collected at
weeks two, six, and ten. Blood samples were collected be-
fore the loading, right after the loading, 15 minutes post the
loading, and the next day. The acute loading session in dif-
ferent weeks was always conducted at different times of
day but always the same time of the day for every individ-
ual subject.

Table 2. Training program and exercise selection. Isometric training included maximal intensity work for Ss, followed by 15s
rest. This was repeated three times and counted as one set. If a subject could not complete 10 reps on the dynamic leg press,

the rest of the reps were completed with forced repetitions.

Training session Weeks 1-3 Weeks 4-7 Weeks 8-10
Dyn LP 5 x 10RM 5x 10RM 5x 10RM
Iso Knee Extension 2 x 60s 2 x 60s 2 x 60s
#1 Iso Knee Flexion 2x 60s 2 x 60s 2 x 60s
Iso BP 2 x 60s 2 x 60s
Dyn Lat Pulldown 3x12x70% 3x12x70%
Dyn LP 3x10x 70% 5x5x 80% 4 x 8x80%
Dyn Knee Extension 3x12x60% 3x12x65% 4 x 8x80%
Dyn Prone Knee Flexion 3x12x60% 3x12x60% 3x8x80%
4 Dyn DB BP 3x10x50% 3x10x 70% 4x 8x80%
Dyn Seated French Press  2x10x 60% 2x 12 x 60% Dyn DB incline BP 2 x 6 x 70%
with DB
Dyn Horizontal Row 3x12x60% 3x12x65% 3x 8x80%
Isometric Back Extension 2x45s 3x45s 3x45s
Dynamic BP in smith 3x10x70% 5x5x 80% 4x6x80%
Dyn Horizontal Row 3x12x60% Seated OP 3 x 12 x 50% Seated OP 2 x 10 x 50%
43 Dyn Zotmann curl with DB 3x12x60% 2x15x50% 3x12x50%
Dyn Row with DBs 2x12x65%
Dyn Triceps Push Down 2x12x65% 3x6x80%
Dyn LP 3x10x 70% DynLP 1,5rep 2 x 8 x 50% 4x6x70%

s = seconds, RM = repetition maximum, Dyn = dynamic, Iso = isometric, RM = repetition maximum, DB = dumbbell, OP = overhead press, BP = bench

press, LP = leg press.
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The acute measurements were performed at differ-
ent times of day but always at the same time of the day for
each individual subject (Table 3). Subjects came to the la-
boratory and gave a blood sample. After that, they started
to do warm-up. After the warm-up, they did first the iso-
metric testing in the leg press followed by the leg press
loading. The loading consisted of five sets and ten reps of
leg press with ascending weights. The third set was done
so that the subject had one more repetition in reserve.
Thereafter, the load was raised so that the subjects could
not do the required ten reps by themselves. The last two
sets were done to concentric failure and these sets were
completed with forced repetitions. Rest time was three
minutes after every set. Subjects performed the testing and
loading either unilaterally or bilaterally. For the unilateral
group, the left and the right leg were calculated together
when the data was analysed. Thereafter, the subjects gave
blood samples and right after that, they did the isometric
leg press testing. After 15 minutes, they gave the final
blood sample, and the testing was finished. The time be-
tween the loading and isometric testing was attempted to
keep as short as possible. A desirable recovery time before
the post-isometric testing was three minutes.

Table 3. Timetable for acute measurements.

TIME (min) TESTS
0 Pre blood samples
5 Warm up
20 Pre isometric strength testing
30 Dynamic leg press loading 5 x 10 RM
60 Post blood samples
65 Post isometric strength testing
Rest
75 Post 15min blood samples
Work

The amount of work done during the intervention was
measured in the acute loading tests every second week. The
work was calculated during the dynamic leg press loading,
which consisted of five sets and ten reps of leg press with
ascending weights. The loading exercise was-performed
using the leg press (David 210, David Health Solutions
Ltd, Helsinki, Finland), which has a custom-built device
attached to it. It measured the length (cm) and duration of
every rep (s) and calculated the overall time and distance
for every set. The device measured only when the sled in
the leg press was moving. Short stops at the end of concen-
tric or eccentric portions of the lift were not included in the
overall results. In the starting position of the leg press, each
subject was seated on the device with a knee angle of 60°.
The movement started with the concentric portion of the
lift. Subjects were required to lift the load to a fully ex-
tended position. Work (W) was calculated by multiplying
the force (F) by the movement of the object (d) (W =F x
d). For the unilateral group, the results of the left and right
leg were calculated together. Subjects did five sets during
the measurements, and the calculated work average of
those five was used.

Muscle cross-sectional area
B-mode axial-plane ultrasound (model SSD-al0, Aloka Co

Ltd, Japan), using a 10-MHz linear-array probe (60 mm
width) with extended-field, was used to assess the vastus
lateralis cross-sectional area (CSA). The subjects lay su-
pine, and their leg position was controlled with legs
strapped to polystyrene supports. A custom-crafted con-
vex-shaped probe was used to ensure a perpendicular angle
of the probe. The probe was moved manually, slowly, and
continuously along the marked line on the skin. Anatomi-
cal landmarks were marked from the middle section be-
tween the joint space on the lateral side of the knee and to
the greater trochanter. 40 % of the femur length was
marked. and a line was drawn from the lateral to the medial
diaphysis of the right thigh. After scanning, the software
uses the captured images to automatically combine a com-
plex image of the muscle’s CSA. Great care was taken not
to compress the muscle tissue. Three panoramic CSAs
samples were collected for each measurement. The CSA
was then determined using the Image-J - program (version
1.37, National Institute of Health, USA). Within Image-J
the polygon selection tool was used for the analysis. This
enables manual tracing along the muscle border. The inner
line of the fascia was closely followed, and when it was not
observed, the predicted route was chosen according to pre-
vious. Great care was used to complete the analyses, the
mean value from the three pictures was used in the anal-
yses. The same investigator did all measurements and anal-
yses. Panoramic ultrasonography had an intraclass correla-
tion coefficient of 0.997 with a standard error of measure-
ment of 0.38 cm? (Ahtiainen et al., 2010).

Isometric strength testing

Maximal bilateral leg extensor strength was measured on a
custom-built horizontal leg press (Biology of Physical Ac-
tivity, University of Jyvéskyld) in a seated position with the
knee joint angle at 107°. The subjects were instructed to
use their maximum effort and push “as fast and hard as
possible”. They were strongly encouraged in every trial.
Subjects maintained their maximum force levels for ap-
proximately 3 seconds. Subjects had two trials unless they
increased their force by over five percent. In this situation,
they were allowed to perform the third attempt. Rest time
was 2 minutes between trials. The isometric leg press has
been shown to have an intraclass correlation coefficient of
0.98 (0.93 - 0.99) and a coefficient of variation of 3.48 (-
3.34 - 10.31) (Petré et al., 2023).

Fatigue percentage

Fatigue percentage was measured during the acute tests.
Isometric leg press tests were done prior to and right after
the dynamic leg press loading. Maximal isometric force be-
fore and after was compared and the percentage change
was reported as fatigue percentage. Fatigue percentage in
the unilateral group was the mean average of fatigue per-
centage of the left and right leg.

Blood samples

Venous blood samples were drawn into serum tubes
(Venosafe, Terumo Mediacl Co., Leuven, Belgium) from
the antecubital vein by a qualified laboratory technician.
Six millilitres (ml) of blood was drawn covering approxi-
mately 2.5 ml serum.
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There were no restrictions on food and beverages
during blood sample collections. The first sample was
given right before the training session, the post-sample was
drawn immediately after the loading, and after the 15-mi-
nute rest, the third blood sample was collected. 24 hours
(h) after the end of the training session the subjects came
to the lab to give a post 24-hour blood sample. If the train-
ing session was, for example, in the evening, the subject
came the next evening to the lab to give the blood sample,
and if the training session ended in the morning, the post-
24 sample was also collected the next morning. The sam-
ples were centrifuged for 10 minutes at 3500 rpm (Mega-
fuge 1.0R, Heraeus, Germany). Then samples were frozen
(-80°C) and stored for later analysis. Serum T, C, and GH
levels were analysed. Analyses were performed using im-
munometric chemiluminescence techniques (Immulite
2000) and hormone-specific immunoassay kits (Immulite,
Siemens, Illinois, USA)). Analytical sensitivity was T =
0.5 nmol L—1, COR = 5.5 nmol L—-1, and GH = 0.01 ng
L—1, and the intra-assay coefficient of variation is T = 13%,
GH = 5.8%, and COR = 7.9%. Serum creatine kinase (CK)
activity was assessed with Konelab 20 XTi (Thermo Fisher
Scientific, Vantaa, Finland). The analytical sensitivity for
serum CK was 10 U/l and the inter-assay coefficient of var-
iation was 2.8%. The hormone values presented are uncor-
rected for plasma volume changes.

Statistical analyses

All statistical analyses were performed using SPSS version
24 (IBM corp., New York, NY, USA). Standard statistical
analyses were used to determine descriptive statistics, and
all data are reported as the mean + SD, unless otherwise
stated. Test of normality (Shapiro-Wilk) was done before
the analysis and acceptable levels of skewness and kurtosis
were also checked. Hormone data were not normally dis-
tributed. Repeated-measures ANOVA was used and when
a significant F-value was found using the ANOVA with re-
peated measures with a Greenhouse-Geisser correction, the
post hoc tests using the Bonferroni correction was used to
locate the pair-wise differences. One-way ANOVA was
used to analyse the differences between the subgroups

(three groups). Associations between the different varia-
bles were tested with Pearson’s product-moment correla-
tion coefficients. The alpha level was set at p < 0.05.

Results

After the intervention subjects were split into three groups
according to the magnitude of the increase in the VL CSA
during the 10-week training period as follows (for details
see Rantild et al. 2021): High Responders >15%, (n = 10),
Medium Responders 15 - 4, 5% (n = 7) and Low Respond-
ers <4,5% (n = 7). Absolute individual values in VL CSA
and maximal isometric leg press force at Pre and Post train-
ing are shown in Figure 2.

Maximal isometric force in leg press increased from
Pre to wk 4 (p =0.003), pre to wk 6 (p < 0.0001), pre to wk
10 (p < 0.0001), wk 2 to wk 6 (p =0.015), wk 2 to wk 10
(p < 0.0001) and from wk 4 to wk 10 (p = 0.040) for the
whole group (Figure 3).

In the different responder groups, the increases in
maximal isometric force were statistically significant in
HR (by 24.3 %) from pre to wk 10 (p =0.035) and MR (by
23.8 %) from pre to wk 10 (p = 0.002), while the increase
0f 26.2 % in LR was not statistically significant.

Mean values for leg press fatigue percentages in-
creased significantly in the whole group from week 2 to
week 4 (p=0.046) and from week 2 to week 10 (p =0.003)
by +93% (£110) (Figure 4). No statistically significant
changes took place in fatigue percentages in three different
responder groups during the training period and no statisti-
cally significant differences occurred between the groups.
The leg press fatigue percentage increased from week 2 to
week 10 in LR by +143.7 (£139.9) (p = 0.009), in MR by
+73.8 (£93.6.) and in HR: by +61.1 (£92.2). There were no
significant correlations between changes in fatigue per-
centage in LR, HR or MR groups and changes in VLCSA.
However, in the total group of subjects, a significant corre-
lation was observed from week 2 to week 10 between rel-
ative changes in fatigue percent and relative changes in iso-
metric force (R = 0.475, p = 0.022) (Figure 5) and as well
as for HR (R =0.643, p = 0.049).
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Figure 2. Individual absolute values in VL. CSA pre to post (on the left) and individual absolute values in maxi-
mal isometric bilateral leg press force pre to post (on the right) after 10 weeks of hypertrophic strength training.
PRE=Pre training intervention measurements, POST= post training intervention measurements.
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Figure 6. Relative changes in performed work during the acute loading protocol in the leg press
exercise compared to initial week 2 tests in three different responder groups and in the whole

group. *P <0.05, **P < 0.01.

The amount of work performed during the acute
loading protocol in the leg press exercise increased during
the intervention in the whole group from WK 2 (102557
Joules (J)) to WK 4 (113355 J) (p = 0.006), to WK 6
(1181657) (p=0.001) and to WK 10 (129945 J) (p<0.001),
from WK 4 to WK 6 (p=0.024) and 10 (p <0.001) as well
as from WK 6 to WK 10 (p <0.001). There were significant
differences in the absolute amount of work during the in-
tervention between HR and LR at week 2 (91265 J vs
120031 J), week 4 (103986 J vs 130736 J), and week 6
(108487 J vs 134480 J), but not at week 10.

Relative changes in leg press work in the whole
group were statistically significant from week 4 to week 6
(p = 0.011) and HR had also statistically significant
changes from week 4 to week 10 (p = 0.005), from week 6
to week 10 (p = 0.025) (Figure 6). In MR the changes were
close to significance from week 4 to week 10 (p = 0.053)
and from week 6 to week 10 (p = 0.051). There were no
statistically significant changes in LR.

Serum T post loading concentrations increased sig-
nificantly from 12.89 nmol/l (+4.20) to 15.33 nmol/l
(£5.16) and up to week 16.62 nmol/l (£5.66) in the whole
group (Table 4). Post 15 min values followed the same pat-
tern, and the increase was in both cases significant. There
were significant differences in post-loading concentrations
between week 2 and week 10 (p = 0.027). In addition, the
mean of post and post 15 concentrations was statistically

significant from week 2 to week 10 (p = 0.0034). The in-
crease in the concentrations from pre to post and post 15
were both statistically significant for week 6 and week 10.
Fatigue percentage was also associated with serum T con-
centrations 24 h after the loading. The correlation was
stronger during the intervention and at week 2 it was 0.42
(p = 0.053), at week 6 it was 0.48 (p=0.020), and at week
10 0.62 (p = 0.002).

In HR CK post 24h decreased significantly from
week 2 (3483 £ 2653) to week 6 (254 £ 121) (p = 0.011)
and from week 2 to week 10 (304 = 138) (p=0.011). There
were statistically significant differences between CK post
24h results for HR and LR at week 6 (254 + 121 vs 477 +
139) (p = 0.006). CK delta changes from pre to 24h after
the acute loadings differed significantly from week 2 (0%
+ 39) to week 6 (89% =+ 87) (p = 0.002) and from week 6
to week 10 (25% = 48) (p = 0.006) for the whole group.

Serum C concentrations increased statistically sig-
nificantly in week 10 from pre to post 15 for the whole
group (Table 4). MR also showed significant changes from
pre to post (p <0.001) and from pre to post 24h (p =0.035).
LR also showed a significant rise in serum C from pre to
post 24h (p = 0.022) and post to post 24h (p = 0.0019).
After the initial weeks, HR had the smallest response in
every measurement point in serum C after the loadings. In
addition, HR was the only group to have a significant pre
to post increase in serum T in week 6 (p = 0.033).

Table 4. Serum testosterone and cortisol concentrations (nmol/L) in the whole group measured at PRE, POST, POST 15, and
POST 24h and relative changes right after, 15 min after, and 24 hours after the strength loading protocol two weeks after the
start of the intervention and six and 10 weeks after the strength training intervention. Values are presented as mean and SD.

WK 2 WK 6 WK 10
A% from PRE A% from PRE A% from PRE

PRE 11.543.8 12.9+4.8 13.9+54

Testosterone POST 12.9+4.2 13.8 £27.8 153 4£5.2 ***  23.6+23.8 16.6 £5.7 *** 23.8 £23.8
POST 15 124+4.5 6.4+27.3 143450 ** 19.2 £24.2 15.8 £5.7 ** 15.9+19.2
POST 24h 12.7£3.6 16.4 44 13.2 £6.3 2.4 £22.15 14.8 £6.2 9+18.6
PRE 304 +101.3 302.3 £104.5 308.7 £128.6

Cortisol POST 290.9 £154.8 -2.74+47.4 3553 £144 28 +65.4 384.7 £118 56.4 £96.6
POST 15 340.9 £175.8 14.8+£51.6 393.2+152 49.8 +£89.3 429 +128.1 * 80.4 £120.3
POST 24h 318.2 £142.5 8.4 +40 201 £118.8 2.1+422 304.5 £93.8 23.2 £90.7

*P <0.05, **P <0.01, ***P < 0.001. All significances measured from pre.
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Figure 7. Acute responses in serum testosterone concentrations during the hypertrophic loading condi-
tions for different subgroups at weeks 2, 6 and 10 during the 10-week strength training intervention.
*P <0.05, **P < 0.01. Pre = before loading, Post = right after loading, Post15 = 15 minutes after the loading.

The hypertrophic loading induced acute increases in
serum T concentration were significant in HR from pre to
post (p = 0.033) and pre to post 15 (p = 0.001) at week 6
and pre to post (p = 0.034) at week 10 (Figure 7). For LR,
there was a significant decrease at week 6 from post to post
15 p = 0.005, and a significant increase at week 10 from
pre to post (p = 0.004) and from pre to post 15 (p = 0.040).
Relative changes were statistically significant for low re-
sponders for post 15 from week 6 to week 10 (p = 0.011)
and for post to post 15 in week 6 (p = 0.008).

Serum GH concentration increased significantly
from pre to post and pre to post 15 at weeks 2, 6, and 10
for the whole group (all p < 0.001). There were no signifi-
cant differences in post and post 15min concentrations at
different weeks. The relative changes were also significant

for the whole group from week 2 to week 6 (p =0.001) and
to week 10 (p = 0.005). The same was observed for pre to
post 15 concentrations with significant increases in week 2
to week 6 (p =0.005) and in week 2 to week 10 (p = 0.005).
In addition, the percentage increase from pre to post be-
came larger during the intervention in the whole group. In
week 2 the increase in GH concentration was 3642 %
(£8583), in week 6 it increased by 16882 % (+17768) and
in week 10 the increase was 26514 % (£29606).

For three subgroups serum GH concentration in-
creased significantly for HR from pre to post and pre to
post 15 at weeks 2, 6, and 10 (Figure 8). In MR, the in-
crease was significant at week 6 from pre to post 15. In LR,
the increase was significant from pre to post and pre to post
15 at week 6 and from pre to post 15 at week 10.
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Figure 8. Acute responses in serum GH concentratio

ns during the loading conditions for different sub-

groups at weeks 2, 6 and 10 during the 10-week strength training intervention. *P < 0.05, **P < 0.01, ***P

<0.001. Pre = before loading, Post = right after loading, Post15
Discussion

The primary findings of the present study showed that
acute resistance loading-induced fatigue in the whole sub-
ject group correlated significantly with strength training-
induced relative gains in maximal isometric force but not
for muscle hypertrophy adaptations. The present results

= 15 minutes after the loading.

also showed that HR subjects were more sensitive to load-
ing-induced acute rises in serum hormone concentrations
of T and GH. Thus, the present findings may partially ex-
plain some of the inter-individual differences in strength
training-induced adaptations.

Inter-individual fatigability differs already after
several weeks of strength training (Ahtiainen et al., 2003;
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Walker et al., 2013;2015). It would be a logical assumption
that fatigability also affects the ability to adapt to the
strength training stimulus. However, no significant corre-
lations were observed between the level of fatigue and
training-induced enlargements in muscle size. On the other
hand, there was a significant correlation between fatigue
and relative changes in maximal isometric force in the
whole subject group and for the HR group, while the two
other subgroups did not show significant correlations be-
tween these two variables during the intervention.

Increases in workload seemed to be more important
than acute fatigue for hypertrophy, since LR did more work
(cm + s) than HR (sig. differences at weeks 2, 4, and 6), but
the amount of work performed no longer increased in LR
from week 6 to week 10 as much as it did in both HR and
MR. This may indicate that the amount of work and fatigue
could have affected the prescribed workload. The fatigue
percentage increased in LR much more in comparison to
HR (+143.7 +£139.9 versus +61.1 £92.2). Acute fatigue
may have led the LR group to use a shorter range of mo-
tion, which affected the amount of work done by LR (cm +
s). Thus, acute fatigue may influence the magnitude of hy-
pertrophic adaptations through decreased work. RT-
induced volume is one of the main drivers of hypertrophic
adaptations (Schoenfeld et al., 2017), and hypothetically a
high amount of acute fatigue, and consequently, decreased
work, would influence hypertrophy adaptations. At the
same time, HR increased their relative workload most from
week 2 to week 10, when LR increased the least among all
subgroups. A six-month study found no advantage in terms
of high fatigue and high metabolite accumulation to
strength gains (Welsh and Rutherford, 1996). Folland et al.
(2002) showed that isometric strength gains can be ob-
tained without a large amount of fatigue. However, we
found a correlation between acute fatigue and training-in-
duced gains in isometric strength, but not with hypertro-
phy.

Fatigue seems to be associated with a decrease in
the total work capacity of the neuromuscular system (Pa-
reja-Blanco et al., 2017; Parraga-Montilla et al., 2020).
Hakkinen and Pakarinen (1993) noticed that the very high
volume 10 x 10 x 70% hypertrophic strength loading led to
an almost 25% decrease in ten reps repetition maximum. A
quarter drop in force production ability is considered ex-
treme fatigue, and it might not be sustainable in every train-
ing session. In our intervention, the force production ability
decreased steadily at every measurement point. It dropped
from -16.8% in the first measurement all the way to -26.3%
in the last testing session. The optimal range for fatigue to
maximize hypertrophic and strength adaptations still re-
mains unclear. We need to note that in the present study,
the amount of work was only measured during the leg press
exercise. Thus, in overall, the amount of work between in-
dividuals may have varied a lot, which could in part explain
rather large individual differences between the subjects.
Martins-Costa et al. (2022) showed that the equation of
workload, time under tension, was more important than the
number of reps used, for gains in strength and skeletal mus-
cle hypertrophy. Thus, in future interventions, it is im-
portant to quantify the amount of volume with the amount
of work done, when the goal is to compare individual

loading responses and training adaptations during the in-
tervention.

HRs were more sensitive to acute rises in serum
hormone concentrations of testosterone and GH right from
the start of the training period. Walker et al. (2015) also
showed higher acute serum GH response before versus af-
ter the training period for high hypertrophy responders
compared to low hypertrophy responders. Thus, this may
imply that HR may be more sensitive to increases in acute
GH response after hypertrophic loading. Moreover, Ahti-
ainen et al., (2003) have noticed that athletes increased
their serum TES levels during the acute loading conditions
more than non-athletes. Sensitivity for acute hormone rises
can affect the magnitude of adaptations, because, for ex-
ample, resting serum TES, TES/COR, and TES/SHBG ra-
tios and/or their changes have been shown to correlate sig-
nificantly with increases in isometric and dynamic strength
(Ahtiainen et al., 2003; Hakkinen et al., 1985; 1987; 1988).
On the other hand, intramuscular androgen receptor con-
tent may also be important to skeletal muscle hypertrophy
in addition to circulating serum hormones (Morton et al.,
2018). Overall, it seems that serum hormone concentra-
tions may be one of the indicators of an individual’s ability
to adapt to resistance training.

Interestingly, serum TES concentration did not re-
cover to the baseline in 24h but remained somewhat higher,
and there were large individual differences. Kotikangas et
al. (2022) found that serum TES and COR did recover to
baseline after 24h from loading. In turn, McCaulley et al.
(2009) noticed that TES remained elevated, and COR de-
creased, compared to the baseline 24h after loading. Hak-
kinen and Pakarinen (1993) noticed that serum morning
TES concentration decreased significantly, for at least to
two days, after the extreme high-volume (10x10RM) hy-
pertrophy loading. In the present study, recovery from
loading was similar between the subgroups. Kotikangas et
al. (2022) did not also report significant differences be-
tween groups 24 h after the loading. Fatigue percentage
was also associated with testosterone concentrations 24 h
after the loading with a growing correlation during the in-
tervention, indicating that the amount of fatigue was asso-
ciated with the next-day serum testosterone concentrations.

The HR response for CK was almost twice as high
as that of the other subgroups. MacHado and Willardson
(2010) also noticed that after hypertrophic loading CK ac-
tivity in high responders was approximately 70% higher
than that in normal responders. CK may contribute to fa-
tigue by increasing the myoplasmic concentration of inor-
ganic phosphate, when the resistance training stimulus is
more prolonged (Dahlstedt et al., 2000). We observed that
in HR CK-post 24h decreased significantly from week 2
compared to the following training weeks. After exercise,
CK has been shown to increase up to 48 h (Marathamuthu
et al., 2022), over 96 h (Paschalis et al., 2005), and even
after seven days (Saka et al., 2009). However, in the pre-
sent study, CK was measured only 24 h after the training
session. Interestingly, after the initial weeks, the HR group
also showed the smallest response in serum cortisol con-
centrations indicating that overall serum hormone re-
sponses in HR adapted during the training intervention.

It must acknowledge that the present study had
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some limitations, when attempting to draw evidence-based
conclusions. First, fatigue was measured repeatedly but
only during one training session, and it may not directly
reflect the entire training intervention. In addition, the
amount of work was measured only during the leg press
exercise. Thus, it does not reflect the work performed by
other exercises and/or machines. Future research could fo-
cus on recording work during all the exercises performed
during the intervention. It would be intriguing to deter-
mine, how the prescribed volume varies among individuals
during the training process. Secondly, our responders were
divided into three subgroups based on the magnitude of hy-
pertrophy in one muscle only (VLCSA) (see Rantilé et al.,
2021). The ability to respond may vary greatly depending
on the muscle group under investigation. Third, although
we provided protein and carbohydrate supplements to our
participants, we did not control for diet or recovery in any
other way. Some of the differences in adaptations between
individuals might have, at least in some part, been ex-
plained by nutritional intake or other lifestyle choices made
individually.

Conclusion

The present study showed that acute loading-induced fa-
tigue seems to have some role in contributing to strength
gains, but not necessarily for muscle hypertrophy adapta-
tions. HR showed the strongest correlation between acute
loading-induced fatigue and relative changes in maximal
isometric force compared to the other two subgroups that
did not show any significant correlations. The present re-
sults showed also that HR subjects were more sensitive to
loading-induced acute rises in serum hormone concentra-
tions and these subjects demonstrated significant changes
in every measurement point in the acute loading-induced
serum GH concentrations. Thus, the present findings could
partly explain the interindividual differences observed in
strength training-induced adaptations.

Acknowledgements

The authors would like to thank the participants for their time and huge
effort to complete the demanding testing and training protocols. In addi-
tion, the authors want to thank the rest of the research group and students
for their contribution to the study: Antti Aalto, Mika Heikkilé, Veli-Matti
Pitsi, Joel Restucia, Linda Simola, and Mila Nurminen. The experiments
comply with the current laws of the country where they were performed.
The authors have no conflict of interest to declare. The raw data support-
ing the conclusions of this article will be made available by the authors
upon justified request.

References

Ahtiainen, J.P., Hoffren M., Hulmi J.J., Pictikdinen M., Mero A.A., Avela
J. and Hékkinen, K. (2010) Panoramic ultrasonography is a valid
method to measure changes in skeletal muscle cross-sectional
area. European Journal of Applied Physiology 108, 273-279.
https://doi.org/10.1007/s00421-009-1211-6

Ahtiainen, J., Pakarinen A., Alen M., Kraemer W.J. and Hékkinen K.
(2003) Muscle hypertrophy, hormonal adaptations and strength
development during strength training in strength-trained and un-
trained men. European Journal of Applied Physiology 89, 555-
563. https://doi.org/10.1007/s00421-003-0833-3

Ahtiainen, J.P., Pakarinen A., Kraemer W.J. and Hékkinen K. (2004)
Acute hormonal responses to heavy resistance exercise in
strength athletes versus nonathletes. Canadian Journal of Ap-
plied Physiology 29, 527-543. https://doi.org/10.1139/h04-034

Ahtiainen, J.P., Walker S., Silvennoinen M., Kyr6ldinen H., Nindl B.C.,
Hékkinen K., Nyman K., Seldnne H. and Hulmi J.J. (2015) Ex-
ercise type and volume alter signaling pathways regulating skel-
etal muscle glucose uptake and protein synthesis. European
Journal of Applied Physiology 115, 1835-1845.
https://doi.org/10.1007/s00421-015-3155-3

Burd, N., Holwerda A., Selby K., West D., Staples A., Cain N., Cashaback
J., Potvin, J., Baker S. and Phillips S. (2010) Resistance exercise
volume affects myofibrillar protein synthesis and anabolic sig-
nalling molecule phosphorylation in young men. The Journal of
Physiology 588, 3119-3130. https://doi.org/10.1113/jphys-
101.2010.192856

Dahlstedt, A., Katz A., Wieringa B. and Westerblad H. (2000) Is creatine
kinase responsible for fatigue? Studies of isolated skeletal mus-
cle deficient in creatine kinase. The FASEB Journal 14, 982-990.
https://doi.org/10.1096/fasebj.14.7.982

Damas, F., Barcelos C., Nobrega S.R., Ugrinowitsch C., Lixandrdo M.,
Santos L., Conceigdo M., Vechin F. and Libardi C. (2019) Indi-
vidual Muscle Hypertrophy and Strength Responses to High vs.
Low Resistance Training Frequencies. Journal of Strength and
Conditioning Research 33, 897-901.
https://doi.org/10.1519/JSC.0000000000002864

Drummond, M., Conlee R., Mack G., Sudweeks S., Schaalje, G.B. and
Parcell, A. (2010) Myogenic regulatory factor response to re-
sistance exercise volume in skeletal muscle. European Journal
of Applied Physiology 108, 771-778.
https://doi.org/10.1007/s00421-009-1279-z

Figueiredo, V., de Salles B. and Trajano G. (2018) Volume for Muscle
Hypertrophy and Health Outcomes: The Most Effective Variable
in Resistance Training. Sports Medicine 48, 499-505.
https://doi.org/10.1007/540279-018-0866-8

Folland, J. P, Irish, C., Roberts, J., Tarr, J. and Jones, D. (2002) Fatigue
is not a necessary stimulus for strength gains during resistance
training. British Journal of Sports Medicine, 36, 370-374.
https://doi.org/10.1136/bjsm.36.5.370

Fonseca, F., Costa B.de v., Ferreira M., Paes S., de Lima-Junior D., Kas-
siano W., Cyrino E., Gantois P. and Fortes L., (2020) Acute ef-
fects of equated volume-load resistance training leading to mus-
cular failure versus non-failure on neuromuscular performance.
Journal of Exercise Science & Fitness 18, 94-100.
https://doi.org/10.1016/j.jesf.2020.01.004

Fry, A. and Kraemer W.J. (1997) Resistance exercise overtraining and
overreaching. Neuroendocrine responses. Sports Medicine 23,
106-129. https://doi.org/10.2165/00007256-199723020-00004

Gauche, E., Couturier A., Lepers R., Michaut A., Rabita G. and Hauss-
wirth C. (2009) Neuromuscular fatigue following high versus
low-intensity eccentric exercise of biceps brachii muscle. Jour-
nal of Electromyography and Kinesiology 19, e481-486.
https://doi.org/10.1016/].jelekin.2009.01.006

Gorostiaga, E., Navarro-Amézqueta 1., Calbet J., Hellsten Y., Cusso R.,
Guerrero M., Granados C., Gonzalez-Izal M., Ibafiez J. and
Izquierdo M. (2012) Energy Metabolism during Repeated Sets
of Leg Press Exercise Leading to Failure or Not. PL0oS One 7,
40621. https://doi.org/10.1371/journal.pone.004062 1

Gulbin, J. and Gaffney P.T. (2002) Identical twins are discordant for
markers of eccentric exercise-induced muscle damage. Interna-
tional Journal of Sports Medicine 23, 471-476.
https://doi.org/10.1055/5-2002-35076

Hékkinen, K. and Pakarinen A. (1993) Acute hormonal responses to two
different fatiguing heavy-resistance protocols in male athletes.
Journal of  Applied Physiology 74, 882-887.
https://doi.org/10.1152/jappl.1993.74.2.882

Hékkinen, K. and Pakarinen A. (1991) Serum hormones in male strength
athletes during intensive short term strength training. European
Journal of Applied Physiology and Occupational Physiology 63,
194-199. https://doi.org/10.1007/BF00233847

Hakkinen, K., Pakarinen A., Alen M., Kauhanen H. and Komi P. (1988)
Neuromuscular and hormonal adaptations in athletes to strength
training in two years. Journal of Applied Physiology 65, 2406-
2412. https://doi.org/10.1152/jappl.1988.65.6.2406

Hakkinen, K., Pakarinen A., Alén M., Kauhanen H. and Komi P. (1987)
Relationships between training volume, physical performance
capacity, and serum hormone concentrations during prolonged
training in elite weightlifters. International Journal of Sports
Medicine 8(Suppl 1), 61-65. https://doi.org/10.1055/s-2008-
1025705



569

Acute fatigue and strength-training adaptations

Hakkinen, K., Pakarinen A., Alén M. and Komi P. (1985) Serum hor-
mones during prolonged training of neuromuscular performance.
European Journal of Applied Physiology and Occupational
Physiology 53, 287-293. https://doi.org/10.1007/BF00422840

Heaselgrave, S., Blacker J., Smeuninx B., McKendry J. and Breen L.
(2019) Dose-Response Relationship of Weekly Resistance-
Training Volume and Frequency on Muscular Adaptations in
Trained Men. International Journal of Sports Physiology and
Performance 14, 360-368. https://doi.org/10.1123/ijspp.2018-
0427

Hernandez, D., Healy S., Giacomini M. and Kwon, Y.S. (2021). Effect of
Rest Interval Duration on the Volume Completed During a High-
Intensity Bench Press Exercise. Journal of Strength and Condi-
tioning Research 35, 2981-2987.
https://doi.org/10.1519/JSC.0000000000003477

Hunter, K. and Faulkner J. (1997) Pliometric contraction-induced injury
of mouse skeletal muscle: effect of initial length. Journal of Ap-
plied Physiology 82, 278-283.
https://doi.org/10.1152/jappl.1997.82.1.278

Kotikangas, J., Walker S., Toivonen S., Peltonen H. and Hékkinen K.
(2022) Acute Neuromuscular and Hormonal Responses to
Power, Strength, and Hypertrophic Protocols and Training Back-
ground. Frontiers in Sports and Active Living 4, 248.
https://doi.org/10.3389/fspor.2022.919228

Kraemer, W.J., Hikkinen K., Newton R., Nindl B., Volek J., Mccormick
M., Gotshalk L., Gordon S., Fleck S., Campbell W., Putukian M.
and Evans W. (1999) Effects of heavy-resistance training on hor-
monal response patterns in younger vs. older men. Journal of
Applied Physiology 87, 982-992.
https://doi.org/10.1152/jappl.1999.87.3.982

Krieger, J. (2010) Single vs. multiple sets of resistance exercise for mus-
cle hypertrophy: a meta-analysis. The Journal of Strength &
Conditioning Research 24, 1150-1159.
https://doi.org/10.1519/JSC.0b013e3181d4d436

MacHado, M. and Willardson J. (2010) Short recovery augments magni-
tude of muscle damage in high responders. Medicine & Science
in Sports & Exercise 42, 1370-1374.
https://doi.org/10.1249/MSS.0b013e3181ca7el6

Marathamuthu, S., Selvanayagam V. and Yusof A. (2022) Contralateral
Effects of Eccentric Exercise and DOMS of the Plantar Flexors:
Evidence of Central Involvement. Research Quarterly for Exer-
cise and Sport 93, 240-249.
https://doi.org/10.1080/02701367.2020.1819526

Marsh, C., Thomas H., Naylor L., Scurrah K. and Green D. (2020) Fitness
and strength responses to distinct exercise modes in twins: Stud-
ies of Twin Responses to Understand Exercise as a THerapy
(STRUETH) study. The Journal of Physiology 598, 3845-3858.
https://doi.org/10.1113/JP280048

Martins-Costa, H., Lacerda L., Diniz R., Lima F., Andrade A., Peixoto
G., Gomes M., Lanza M., Bemben M. and Chagas M. (2022)
Equalization of Training Protocols by Time Under Tension De-
termines the Magnitude of Changes in Strength and Muscular
Hypertrophy. The Journal of Strength & Conditioning Research
36, 1770-1780. https://doi.org/10.1519/JSC.0000000000004004

McCall, G., Byrnes W., Fleck S., Dickinson A. and Kraemer W.J. (1999)
Acute and chronic hormonal responses to resistance training de-
signed to promote muscle hypertrophy. Canadian Journal of Ap-
plied Physiology 24, 96-107. https://doi.org/10.1139/h99-009

McCaulley, G., McBride J., Cormie P., Hudson M., Nuzzo J., Quindry J.
and Travis Triplett, N. (2009) Acute hormonal and neuromuscu-
lar responses to hypertrophy, strength and power type resistance
exercise. European Journal of Applied Physiology 105, 695-704.
https://doi.org/10.1007/s00421-008-0951-z

Morton, R., Oikawa S., Wavell C., Mazara N., McGlory C., Quadrilatero
J., Baechler B., Baker S. and Phillips S. (2016) Neither load nor
systemic hormones determine resistance training-mediated hy-
pertrophy or strength gains in resistance-trained young men.
Journal of  Applied Physiology 121, 129-138.
https://doi.org/10.1152/japplphysiol.00154.2016

Morton, R., Sato K., Gallaugher M., Oikawa S., McNicholas P., Fujita S.
and Phillips S. (2018) Muscle androgen receptor content but not
systemic hormones is associated with resistance training induced
skeletal muscle hypertrophy in healthy, young men. Frontiers in
Physiology 9, 1373. https://doi.org/10.3389/fphys.2018.01373

Nosaka, K. and Sakamoto K. (2001) Effect of elbow joint angle on the
magnitude of muscle damage to the elbow flexors. Medicine &
Science in Sports & Exercise 33, 22-29.

https://doi.org/10.1097/00005768-200101000-00005

Ogasawara, R., Arihara Y., Takegaki J., Nakazato K. and Ishii N. (2017)
Relationship between exercise volume and muscle protein syn-
thesis in a rat model of resistance exercise. Journal of Applied
Physiology 123, 710-716. https://doi.org/10.1152/japplphys-
101.01009.2016

Pareja-Blanco, F., Alcazar J., Sdnchez-Valdepeiias J., Cornejo-Daza P.,
Piqueras-Sanchiz F., Mora-Vela R., Sanchez-Moreno M.,
Bachero-Mena B., Ortega-Becerra M. and Alegre L. (2020) Ve-
locity Loss as a Critical Variable Determining the Adaptations to
Strength Training. Medicine & Science in Sports & Exercise 52,
1752-1762. https://doi.org/10.1249/MSS.0000000000002295

Pareja-Blanco, F., Rodriguez-Rosell D., Sanchez-Medina L., Ribas-Serna
J., Lopez-Lopez C., Mora-Custodio R., Yafez-Garcia J. and
Gonzalez-Badillo J. (2017) Acute and delayed response to re-
sistance exercise leading or not leading to muscle failure. Clini-
cal Physiology and Functional Imaging 37, 630-639.
https://doi.org/10.1111/cpf.12348

Parraga-Montilla, J., Garcia-Ramos A., Castafio-Zambudio A., Capelo-
Ramirez F., Gonzalez-Hernandez J., Cordero-Rodriguez Y. and
Jiménez-Reyes P. (2020) Acute and Delayed Effects of a Re-
sistance Training Session Leading to Muscular Failure on Me-
chanical, Metabolic, and Perceptual Responses. The Journal of
Strength & Conditioning Research 34, 2220-2226.
https://doi.org/10.1519/JSC.0000000000002712

Paschalis, V., Koutedakis Y., Jamurtas A., Mougios V. and Baltzopoulos
V. (2005) Equal volumes of high and low intensity of eccentric
exercise in relation to muscle damage and performance. The
Journal of Strength & Conditioning Research 19, 184-188.
https://doi.org/10.1519/R-14763.1

Petré, H., Psilander N. and Rosdahl H. (2023) Between-Session Reliabil-
ity of Strength- and Power-Related Variables Obtained during
Isometric Leg Press and Countermovement Jump in Elite Female
Ice Hockey Players. Sports 11, 96.
https://doi.org/10.3390/sports11050096

Ralston, G., Kilgore L., Wyatt F. and Baker J. (2017) The Effect of
Weekly Set Volume on Strength Gain: A Meta-Analysis. Sports
Medicine 47, 2585-2601. https://doi.org/10.1007/s40279-017-
0762-7

Réntild, A., Ahtiainen J.P., Avela J., Restuccia J., Kidgell D. and Hék-
kinen K. (2021) High Responders to Hypertrophic Strength
Training Also Tend to Lose More Muscle Mass and Strength
During Detraining Than Low Responders. The Journal of
Strength &  Conditioning Research 35, 1500-1511.
https://doi.org/10.1519/JSC.0000000000004044

Saka, T., Akova B., Yazici Z., Sekir U., Giir H. and Ozarda Y. (2009)
Difference in the magnitude of muscle damage between elbow
flexors and knee extensors eccentric exercises. Journal of Sports
Science and  Medicine 8, 107-115.  https:/pub-
med.ncbi.nlm.nih.gov/24150563/

Schoenfeld, B. and Grgic J. (2018) Evidence-based guidelines for re-
sistance training volume to maximize muscle hypertrophy.
Strength &  Conditioning  Journal 40,  107-112.
https://doi.org/10.1519/SSC.0000000000000363

Schoenfeld, B., Contreras B., Krieger J., Grgic J., Delcastillo K., Belliard
R. and Alto A. (2019) Resistance Training Volume Enhances
Muscle Hypertrophy but Not Strength in Trained Men. Medicine
& Science in  Sports & Exercise 51, 94-103.
https://doi.org/10.1249/MSS.0000000000001764

Schoenfeld, B., Ogborn D. and Krieger J. (2017) Dose-response relation-
ship between weekly resistance training volume and increases in
muscle mass: A systematic review and meta-analysis. Journal of
Sports Sciences 35, 1073-1082.
https://doi.org/10.1080/02640414.2016.1243800

Seppénen, S. and Hékkinen K. (2022) Step vs. Two-Phase Gradual Vol-
ume Reduction Tapering Protocols in Strength Training: Effects
on Neuromuscular Performance and Serum Hormone Concen-
trations. The Journal of Strength & Conditioning Research 36,
2771-2779. https://doi.org/10.1519/JSC.0000000000003939

Terzis, G., Spengos K., Mascher H., Georgiadis G., Manta P. and Blom-
strand E. (2010) The degree of p70 S6k and S6 phosphorylation
in human skeletal muscle in response to resistance exercise de-
pends on the training volume. European Journal of Applied
Physiology 110, 835-843. https://doi.org/10.1007/s00421-010-
1527-2

Walker, S., Hulmi J., Wernbom M., Nyman K., Kraemer W.J., Ahtiainen
J.P. and Hikkinen K. (2013) Variable resistance training



Réntila et al.

570

promotes greater fatigue resistance but not hypertrophy versus
constant resistance training. European Journal of Applied Phys-
iology 113, 2233-2244. https://doi.org/10.1007/s00421-013-
2653-4

Walker, S., Santolamazza F., Kraemer W.J. and Hakkinen K. (2015) Ef-
fects of prolonged hypertrophic resistance training on acute en-
docrine responses in young and older men. Journal of Aging and
Physical Activity 23, 230-236.
https://doi.org/10.1123/japa.2013-0029

Welsh, L. and Rutherford, O. (1996) Effects of isometric strength training
on quadriceps muscle properties in over 55 year olds. European
Journal of Applied Physiology and Occupational Physiology 72,
219-223. https://doi.org/10.1007/BF00838642

West, D., Burd N., Tang J., Moore D., Staples A., Holwerda A., Baker S.
and Phillips S. (2010) Elevations in ostensibly anabolic hor-
mones with resistance exercise enhance neither training-induced
muscle hypertrophy nor strength of the elbow flexors. Journal of
Applied Physiology 108, 60-67.
https://doi.org/10.1152/japplphysiol.01147.2009

West, D., Kujbida G., Moore D., Atherton P., Burd N., Padzik J., de Lisio
M., Tang J., Parise G., Rennie M., Baker S. and Phillips S. (2009)
Resistance exercise-induced increases in putative anabolic hor-
mones do not enhance muscle protein synthesis or intracellular
signalling in young men. The Journal of Physiology 587, 5239-
5247. https://doi.org/10.1113/jphysiol.2009.177220

Yoon, T., Delap B., Griffith E. and Hunter S. (2007) Mechanisms of fa-
tigue differ after low- and high-force fatiguing contractions in
men and women. Muscle Nerve 36, 515-524.
https://doi.org/10.1002/mus.20844

Key points

e High responders to strength training showed a strong corre-
lation with acute fatigue and training-induced gains in iso-
metric force

e High responders were more sensitive to acute increases in
serum hormone concentration compared to other subgroups

e Low responders did more work compared to High respond-
ers, but high responders increased their workload more
throughout the intervention.

e Progression in the amount of work might be more important
than the overall workload

e Force production ability decreased during the acute loading
tests from the first test of -16.8% to all the way down to -
26.3%, while optimal fatigue range for muscle hypertrophy
needs further investigation.
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