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Abstract: This study aimed to analyze acute changes in the muscle mechanical properties of the
triceps brachii long head after bench press exercise performed at different external loads and with
different intensities of effort along with power performance. Ten resistance-trained males (age:
27.7 £ 3.7 yr, body mass: 90.1 £ 17.1 kg, height: 184 £ 4 cm; experience in resistance training:
5.8 £ 2.6 yr, relative one-repetition maximum (1RM) in the bench press: 1.23 £ 0.22 kg/body mass)
performed two different testing conditions in a randomized order. During the experimental session,
participants performed four successive sets of two repetitions of the bench press exercise at: 50, 70,
and 90% 1RM, respectively, followed by a set at 70% 1RM performed until failure, with a 4 min rest
interval between each set. Immediately before and after each set, muscle mechanical properties of the
dominant limb triceps brachii long head were assessed via a Myoton device. To determine fatigue,
peak and average barbell velocity were measured at 70% 1RM and at 70% 1RM until failure (only
first and second repetition). In the control condition, only muscle mechanical properties at the same
time points after the warm-up were assessed. The intraclass correlation coefficients indicated “poor”
to “excellent” reliability for decrement, relaxation time, and creep. Therefore, these variables were
excluded from further analysis. Three-way ANOVAs (2 groups x 2 times x 4 loads) indicated a
statistically significant group x time interaction for muscle tone (p = 0.008). Post hoc tests revealed
a statistically significant increase in muscle tone after 70% 1RM (p = 0.034; ES = 0.32) and 90%
1RM (p = 0.011; ES = 0.56). No significant changes were found for stiffness. The f-tests indicated a
significant decrease in peak (p = 0.001; ES = 1.02) and average barbell velocity (p = 0.008; ES = 0.8)
during the first two repetitions of a set at 70% 1RM until failure in comparison to the set at 70% 1RM.
The results indicate that low-volume, high-load resistance exercise immediately increases muscle
tone but not stiffness. Despite no significant changes in the mechanical properties of the muscle being
registered simultaneously with a decrease in barbell velocity, there was a trend of increased muscle
tone. Therefore, further studies with larger samples are required to verify whether muscle tone could
be a sensitive marker to detect acute muscle fatigue.
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1. Introduction

Long-term adaptation to training is due to the cumulative effects of repeated single
bouts of exercise. These single bouts of resistance exercise lead to acute physiological
responses, which may be significant mediators of adaptation to the imposed stimuli [1].
The magnitude of these acute responses may be affected by several factors, such as the
training variables (i.e., volume and intensity, exercise order) [2,3], as well as exercise
type [4,5]. One of the basic exercises used to develop upper body strength and power
is the bench press [6,7]. Seeking optimal power output adaptations, a range of 30-60%
one-repetition maximum (1RM) has been suggested for the bench press exercise [8-10].
Nevertheless, power-oriented training should combine a wide range of loads to target
the entire force-velocity curve properly. In addition, repetitions should be executed at
maximum velocity until slight velocity losses of 10-20% to maintain the maximum power
output production and to develop explosive performance optimally [11]. Hence, proper
management of fatigue levels is necessary to avoid undesirable adaptive changes, such as
those related to muscular endurance [12].

Although many studies have analyzed muscle electromyography [13-15], metabolic
and endocrine changes [16-18] as indicators of fatigue arising during and after resistance
exercise, there is less research investigating the impact of resistance exercise on the me-
chanical properties of muscle [19-21]. Non-invasive methods, such as tensiomyography
and myotonometry, assess muscles’ contractile and mechanical properties, respectively.
However, it seems that tensiomyography has been used more often [19,20,22-25] than
myotonometry [21,26], despite the fact that the device for myotonometry measurement (the
Myoton) is more practical, being faster due to no electrical stimulation being needed, as is
the case with tensiomyography (after electrode placement, the protocol consists of increas-
ing intensity, i.e., five steps of 10 mA with a 10 s interval in between to avoid potentiation
and fatigue [27]), and the device is much smaller, making it easier to transport. Moreover,
the Myoton device has been validated for measurement of muscle tone and stiffness in
healthy participants with “good” to “excellent” (intra- and inter-rater) reliability [28] and
shows a high level of agreement compared with measurements from shear-wave ultra-
sound elastography [29,30]. Furthermore, Lohr et al. [31] indicate much higher reliability
measures for myotonometry in repeated testing than tensiomyography.

Acute changes in muscle mechanical properties (measured by Myoton) due to exer-
cise were indicated as fatigue or potentiation (acute muscle function improvement due to
previous muscle activity) [21,26,27]. Studies in which the Myoton device was used show
mainly increases in muscle stiffness due to the fatiguing protocols (Wang et al., 2016, 2017;
Klich et al., 2019; 2020). For instance, Klich et al. [32] reported an acute increase in vastus
lateralis stiffness after all-out 200 m and 4000 m track cycling, with a higher increase after
200 m. An exception is the study by Hill et al. [21], which indicated an acute decrease in
vastus lateralis and gastrocnemius lateralis muscle stiffness induced by a fatiguing protocol
consisting of five sets of 20 drop jumps. Furthermore, a study by Pozarowszczyk et al. [26]
found an acute increase in Achilles’ tendon stiffness and elasticity after back squats with
increasing external load (from 60 to 100% one-repetition maximum (1RM), with 10% steps).
Nonetheless, the impact of particular resistance exercise intensity (load) on muscle mechan-
ical properties is unknown. Additionally, Pozarowszczyk et al. [26] did not assess physical
performance level (i.e., countermovement jump); thus, it is unestablished whether the
changes in muscle mechanical properties could be related to performance outcomes. These
results [21,26,32] indicate that the type of exercise, as well as intensity and volume, may
have different effects on muscle mechanical properties; however, this is still a scientifically
unexplored area.

Therefore, it seems justified to analyze muscle mechanical properties simultaneously
with the analysis of performance changes to determine whether a difference in muscle
properties can be a reliable indicator of performance potential. However, as far as we know,
no study has compared the acute effects of different external loads used during resistance
exercise on muscle mechanical properties and tried to assess the ability of the Myoton
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to detect muscle fatigue induced by resistance exercise. Therefore, the purpose of the
present study was to analyze acute changes in power performance and muscle mechanical
properties of the triceps brachii long head after bench press exercises performed at different
external loads with different intensities of effort in male strength-trained athletes. We
hypothesized that different loads, as well as intensities, exert distinct impacts on muscle
mechanical properties and that they will coincide with changes in performance.

2. Materials and Methods
2.1. Experimental Approach to the Problem

All participants took part in a familiarization session and two experimental sessions
with a one-week interval in between. The familiarization session included the determi-
nation of the 1RM bench press. During the experimental sessions (EXP), each participant
completed three successive sets of two repetitions of the bench press at a load of 50, 70,
90% 1RM followed by a single set until failure at a load of 70% 1RM. Immediately before
and after each set, muscle mechanical properties of the triceps brachii long head (dominant
limb) were assessed via Myoton. Under the control condition (CTRL), muscle mechanical
properties were measured at corresponding time points to the experimental condition, but
after a warm-up the participants rested while sitting and did not perform any exercise.
Sessions were conducted in random order.

2.2. Subjects

Ten resistance-trained male certified personal trainers participated in this study. Their
mean + SD age, body mass, height, experience in resistance training, and absolute and
relative 1RM in the bench press were: 27.7 &+ 3.7 yr; 90.1 = 17.1 kg; 184 = 4 cm; 5.8 £ 2.6 yr;
108 £ 15.8 kg; 1.23 £ 0.22 kg/body mass, respectively. The inclusion criteria were as
follows: (i) free from neuromuscular and musculoskeletal disorders, (ii) at least two years’
experience in resistance training, (iii) consider themselves safe to participate in the exercise
as determined by the self-administered Physical Activity Readiness Questionnaire (PAR-Q).
Participants were excluded if they reported: (i) more than two weeks of resistance-training
absences in the past year, (ii) that they had no experience of high-loaded bench press
performance until failure or (iii) that they had no experience of bench presses executed
in an explosive manner. Moreover, the participants were instructed not to perform any
additional resistance exercises 72 h before each testing session to avoid fatigue, to maintain
their usual dietary and sleeping habits, and not to use any stimulants or alcoholic beverages
throughout the study. Participants were allowed to withdraw from the experiment at any
moment and were informed about the benefits and potential risks of the study before
providing their written informed consent for participation. The participants were not
informed about the expected study outcomes. All participants completed the experiment.
The study protocol was approved by the Bioethics Committee for Scientific Research at the
Academy of Physical Education in Katowice, Poland (1/2021) and performed according
to the ethical standards of the Declaration of Helsinki 2013. All testing was performed in
the morning (between 9:00 and 11:00 am) in October at the Strength and Power Laboratory
of the Academy of Physical Education in Katowice, Poland, under controlled ambient
conditions (~21 °C). The sample size was calculated a priori based on a statistical power of
0.8, an effect size of g = 0.46 [21], and a significance level of 0.05, taking acute changes in
stiffness after exercise as a reference variable. A minimum sample size of 10 individuals
was obtained (G*Power (version 3.1.9.2), Dusseldorf, Germany).

2.3. Procedures
2.3.1. Familiarization Session and 1RM Strength Tests

Before the main experimental sessions, the 1RM bench press tests were performed
according to the recommendations proposed by Wilk et al. [33,34]. The participants arrived
in the laboratory in the morning at the same time of day as the upcoming experimental
sessions (1 h). Throughout the study, an Eleiko IPF Powerlifting Competition barbell and
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weight plates (Eleiko, Sport AB Sweden) were used. Two certified and experienced strength
and conditioning coaches supervised the bench press technique. Hand placement on the
barbell was set at 150% individual bi-acromial distance and carefully replicated in each
set. All repetitions were performed without bouncing the barbell off the chest, without
intentionally pausing at the transition between the eccentric and concentric phases, and
without raising the hips off the bench [4]. Participants performed a standardized warm-up
as described elsewhere [4]. Next, the participants performed 10, 8, and 4 repetitions at
30%, 50%, and 70% of their estimated 1RM. The first testing load was set to an estimated
80% 1RM and was increased by 2.5-5 kg for each subsequent attempt until the participant
would not perform a lift with the proper technique. Participants were instructed to perform
each repetition with a 2 s duration of the eccentric phase and maximal velocity in the
concentric phase of the movement. The 1RM was defined as the highest load completed
without any help from the spotters. Five-minute rest intervals were allowed between the
1RM attempts, and all 1RM values were obtained within five attempts. Following the 1IRM
test, all participants performed four successive sets of two repetitions of the bench press at
50, 70, and 90% 1RM and 70% 1RM until failure with four-minute rest intervals in between
as a familiarization session.

2.3.2. Experimental Sessions

After an identical warm-up to that performed before the 1RM tests, the participants
performed two different testing conditions (one week apart) in a randomized order. The
EXP condition included successive sets of two repetitions of the bench press exercises at
progressive loads: 50, 70, and 90% 1RM. Furthermore, a fourth set was also executed at
70% 1RM until failure (UF) in order to: (i) assess differences in barbell velocity between the
second and fourth set; thus, only the first two repetitions from the last set were analyzed;
and (ii) compare acute changes in muscle mechanical properties in the initial repetitions
of the first three sets and the fourth executed until voluntary failure (Figure 1). Voluntary
failure was defined as the inability to perform another concentric movement in its entire
range of motion. Participants were instructed to perform each repetition with a 2 s duration
of the eccentric phase and maximal velocity in the concentric phase of the movement.
Four-minute rest-intervals were allowed between each set. Inmediately before and after
each set, muscle mechanical properties of triceps brachii long head (dominant limb) were
assessed. This muscle was chosen because it is substantially activated during the bench
press exercise [6]. In the CTRL condition, the participants performed the warm-up, and
then they were rested while sitting. Muscle mechanical properties were measured at
corresponding time points to the EXP session.

Figure 1. Study design. MMT—myotonometry assessment; 1IRM—one-repetition maximum

Setl . Set2 ) Set3 . Set4
4 min. 4 min. 4 min.
MMT MMT MMT MMT
U M M M
50%1RM 70%1RM 90%1RM 70%1RM-UF
! ! ) !
MMT MMT MMT MMT

UF—until failure.

2.3.3. Measurement of Barbell Velocity during the Bench Press Exercise

The average and peak barbell velocity during the bench press was controlled by a
GymAware Powertool (Kinetic Performance Technology, Canberra, Australia), a linear
position transducer. The device was placed on the floor directly under the barbell, and the
external end of the cable was attached to the side of the barbell. The velocity of the barbell
was recorded at 50 Hz. The GymAware Powertool provides reliable and valid data [35].
The best peak (the fastest point during positive work) and average (mean for the velocity
over entire positive work) barbell velocity obtained during each set were maintained for
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further analysis. Additionally, barbell velocity obtained during the second and fourth (70%
1RM vs. first and second repetition from 70% 1RM UF) sets were compared to assess the
effect of a set at 90% 1RM on performance and muscle mechanical properties.

2.3.4. Measurement of Muscle Mechanical Properties

The MyotonPRO, a hand-held myometer (MyotonPRO, Myoton AS, Tallinn, Estonia),
was used to assess biomechanical characteristics of the triceps brachii long head. All
measurements were made on the dominant side, as described below [36]. The MyotonPRO
is a non-invasive, portable device that uses superficial mechanical deformation of soft
tissues [37]. The following muscle mechanical properties were measured: muscle tone
(oscillation frequency (Hz)), stiffness (N/m), elasticity (logarithmic decrement, its decrease
means an increase in elasticity), mechanical stress relaxation time (ms), and creep (ratio of
deformation and relaxation time). The Myoton's accelerometer was set at 3200 Hz with an
average value obtained from five consecutive measurements (0.4 N for 15 ms).

3. Statistical Analyses

All statistical analyses were performed using SPSS (version 25.0; SPSS, Inc., Chicago,
IL, USA) and were shown as means with standard deviations (£SD) with their 95% con-
fidence intervals (CI). The relative (two-way mixed effects, absolute agreement, single
rater intraclass correlation coefficient) and absolute (coefficient of variation and standard
error of measurement) reliability were calculated. The thresholds for interpreting intraclass
correlation coefficient results were: <0.5 “poor”, 0.5-0.75 “moderate”, 0.75-0.9 “good”, and
>0.90 “excellent” [38]. For coefficient of variation results, they were: <10% “very good”,
10-20% “good”, 20-30% “acceptable”, >30% “not acceptable” [39]. Statistical significance
was set at p < 0.05. The normality of data distributions was checked using Shapiro-Wilk
tests. The three-way ANOVAs (2 groups (EXP and CTRL) x 2 times (pre—post measure)
x 4 load (50, 70, 90, and 70% 1RM-UF (until failure))) were used to determine the influence
of load on muscle mechanical properties. When a significant main effect or interaction
was found, pairwise comparisons were conducted using a Bonferroni test. Additionally,
to establish the influence of a set at 90% 1RM, paired sample t-tests were used to assess
changes in barbell velocity during the bench press at sets with 70% 1RM. The magnitude of
mean differences was expressed with standardized effect sizes. Thresholds for qualitative
descriptors of Hedges g was interpreted as <0.20 “small”, 0.21-0.9 “medium”, and >0.80
as “large”.

4. Results
4.1. Muscle Mechanical Properties

The intraclass correlation coefficient values for the muscle mechanical properties
measurements evidenced “good” to “excellent” reliability for oscillation frequency and
stiffness. At the same time, they were “poor” to “excellent” for decrement, relaxation
time, and creep. The coefficients of variation were “very good” for all muscle mechanical
properties data (Table 1).

Table 1. Intersession reliability of the muscle mechanical properties data.

Variable ICC (95%CI) CV (%) SEM
Oscillation Frequency 0.94 (0.77-0.98) 2.8 0.3Hz
Stiffness 0.96 (0.84-0.99) 3.4 79N/m
Decrement 0.83 (0.28-0.96) 6.6 0.1
Relaxation Time 0.83 (0.18-0.96) 5.2 0.65 ms
Creep 0.82 (0.24-0.96) 43 0.06

ICC—intraclass correlation coefficient; CI—confidence interval, CV—coefficient of variation; SEM—standard
error of measurement.
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4.1.1. Oscillation Frequency

The three-way ANOVA indicated a statistically significant interaction between the
effect of group and time (p = 0.008; F = 11.674; n? = 0.565). Simple main effects analysis
showed that time had a statistically significant effect on increasing oscillation frequency
after bench press (p = 0.016; F = 8.796; n> = 0.494). No other interactions or main effects
were found. The post hoc comparisons revealed a statistically significant increase after 70%
1RM (p = 0.034; ES = 0.32) and 90% 1RM (p = 0.011; ES = 0.56) during the EXP condition
(Table 2).

Table 2. Muscle mechanical properties responses of triceps brachii long head to the different loads of
the bench press exercise.

PRE 50% 1RM

EXP

CTRL

EXP

CTRL

12.86 & 1.05
(12.11 to 13.61)
12.81 + 1.15
(11.98 to 13.63)

187 + 26
(168 to 205)
187 + 28
(167 to 208)

POST 50% POST 70% POST 90% PRE POST
1RM PRE 70% 1RM 1RM PRE 90% 1RM 1RM 70% 1IRM-UF  70% 1RM-UF
Oscillation Frequency (Hz)
13.07 + 1.37 12724095  1311+132* 12774111  1343+115% 1317 +153 135+ 1.59
(12.09t014.06)  (12.04101339) (1216t014.05 (1198t01356) (1261 t014.25)  (12.08t014.26)  (12.36 to 14.63)
12.85 + 0.99 12.87 + 1.39 12.66 + 1.18 12.86 + 1.05 1295+ 1.25 1278 + 1.13 12.99 + 1.18

(1214t01357) (11.87t013.87) (11.81t013.5)  (1211t013.61) (12.06t013.84) (1197 t01359)  (12.14 to 13.83)
Stiffness (N/m)

189 £ 24 192 £ 20 196 £ 24 203 £33 209 + 39 197 £ 26 206 + 27
(172 to 207) (177 to 206) (179 to 214) (179 to 227) (181 to 237) (178 to 215) (187 to 225)
187 + 28 189 + 27 186 + 27 188 + 21 190 + 30 188 + 28 189 + 30
(167 to 207) (170 to 209) (167 to 205) (173 to 203) (168 to 212) (167 to 208) (168 to 211)

* Significant difference compared to the value before at the given intensity p < 0.05.

4.1.2. Stiffness

The three-way ANOVA indicated that there was no statistically significant interaction,
nor main effect.

4.2. Bench Press Performance

Paired sample t-tests indicated a significant decrease in peak (pre: 0.86 = 0.13 m/s vs.
post: 0.71 £ 0.15 m/s; p = 0.001; ES = 1.02) and average barbell velocity (pre: 0.61 & 0.08 vs.
post: 0.53 & 0.07; p = 0.008; ES = 0.8) during the set at 70% 1RM UF in comparison to the set
at 70% 1RM (Figure 2).

0.8 q *
1.2 * —
@ 0.75 4
7 11 4 S
2 E 07 4
= 11 Z 065
g 09 4 S 06 A
< 0 ] ‘ 2 055 -
R R 8 05 1
T 8 0.45 4
D 06 4 ?
% o 0.4 4
o 05 A 2
& S 035
0.4 0.3
70%1RM 70%1RM-UF 70%1RM 70%1RM-UF
(a) (b)

Figure 2. Inter-individual changes in the peak (a) and average (b) barbell velocity during the bench
press set at 70% 1RM and the first two repetitions in the set at 70% 1RM performed until failure.
* Significant difference p < 0.05. The dashed line represents the group mean response.

5. Discussion

This study aimed to analyze acute changes in muscle mechanical properties of the
triceps brachii long head after the bench press exercise performed at different external loads
and with different intensities of effort along with power performance in male strength-
trained athletes. The results showed that the external load used during the bench press had
an overall effect of increasing muscle tone after the performed sets but not for stiffness. In
addition, there was a significant decrease in peak and average barbell velocity during the
bench press in a set at 70% 1RM compared to the first two repetitions in a set at 70% 1RM
UE. However, the reported changes in muscle tone did not significantly coincide with the
significant decrease in power performance.
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First, we have to state that this study showed a “poor” to “excellent” intraclass co-
efficient for elasticity (decrement), relaxation time, and creep, while for stiffness and muscle
tone, it was “good” to “excellent” (Table 1). Therefore, it seems that the Myoton device
is inappropriate in assessing changes in elasticity, relaxation time, and creep following
resistance exercises. Consequently, we recommend that future research pay special attention
to checking and reporting the reliability of measurements made via the Myoton.

The reported changes in muscle tone partially confirmed our initial hypothesis about
the impact of external load used on differences in mechanical muscle properties. After the
set at 50% 1RM, no significant changes were noted in muscle tone or stiffness. Only after the
set at 70% 1RM and 90% 1RM was a statistically significant immediate increase in muscle
tone noted. The same trend was noticed in the case of stiffness; however, it did not reach
the level of significance. Previous studies found that increases in muscle tone and stiffness
have been associated with fatigue and decreased performance [32,40-42]; therefore, this
might indicate that some degree of fatigue has occurred. Interestingly, despite significant
differences in volume compared to other sets (2 vs. ~13 repetitions), the changes after the
set at 70% 1RM UF had a similar yet insignificant trend. It is also interesting that a similar
level of muscle tone after the set at 90% 1RM and at 70% 1RM UF was noted. Therefore, it
could be speculated that other mechanisms were responsible for these changes. Muscle
tone might depend on both active (dependent of neural activity) and passive (independent
of neural activity) muscle components. It seems that the reported increase in muscle tone
after the bench press set at 70% 1RM and 90% 1RM may be related to the increase in neural
drive. The comparable level reached after the set at 70% 1RM UF could be caused by the
rise of intramuscular pressure because of increased intracellular fluid due to the intense
effort [43]. Nevertheless, it cannot be ruled out that if a higher volume were used, e.g.,
several consecutive sets or sets until failure, a significant change in the stiffness or a higher
increase in muscle tone would occur.

Furthermore, it is worth noting that the muscle tone level before the 70% 1RM UF
was slightly higher, which may have been a residual from the set at 90% 1RM, indicating
some degree of fatigue. This potential state could be manifested by a significant decrease
in barbell velocity observed during the first two repetitions in the set at 70% 1RM UF
compared to the set at 70% 1RM. A decrease in velocity has been previously revealed as
an indicator of neuromuscular fatigue during resistance training [44]; thus, the results
suggest that substantial fatigue has occurred. They indicate that three subsequent sets of
two repetitions at 50, 70, and 90% 1RM, respectively, with a 4 min rest in between, impair
power performance and increase muscle tone among resistance-trained males. This trend of
simultaneous muscle tone increase and performance impairment may suggest that muscle
tone may be a sensitive marker for detecting acute fatigue. Nonetheless, a further study
with a larger sample size is warranted to verify this statement and assess the true effect.

The results of this study should be viewed in light of certain limitations. First of all,
this study may not be sufficiently powerful to detect a small effect due to the small sample
size. Secondly, only one muscle (triceps brachii long head) was analyzed; as this study
involved multi-joint exercises, it cannot be ruled out that the results could be different
for other muscles. Therefore, to better understand the effect of resistance exercise on the
behavior of muscle mechanical properties and the interactions with physical performance,
future studies in more isolated conditions, such as isokinetic dynamometry muscle test-
ing, are needed. Moreover, residual fatigue or potentiation could have influenced the
measurements because participants performed one set after another. In addition, the influ-
ence of different muscle contractions (i.e., comparison of concentric-, eccentric-only, and
concentric—eccentric), types of exercises (i.e., plyometric vs. high-loaded), and a wider
range of intensities and volumes of resistance training (i.e., single vs. multiset) on muscle
mechanical property changes have to be explored.
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6. Conclusions

The purpose of this study was to analyze acute changes in muscle mechanical proper-
ties of the triceps brachii long head after the bench press exercise performed at different
external loads and with different intensities of effort along with power performance in
male strength-trained athletes. The results indicated that low-volume, high-load resistance
exercise immediately increases muscle tone but not stiffness. Despite no significant changes
in the muscle mechanical properties being noticed simultaneously with the decrease in
barbell velocity, there was a trend for increased muscle tone. Therefore, further studies
with larger samples are required to verify whether muscle tone could be a sensitive marker
to detect acute muscle fatigue.
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