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High-volume intermittent maximal intensity isometric exercise
caused great stress, although central motor fatigue did not occur
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ABSTRACT: To establish whether very high-volume, high-intensity isometric exercise causes stress to the body
and how it affects peripheral and central fatigue. Nineteen physically active healthy male subjects (21.2 = 1.7 years;
height — 1.82 + 0.41 m, body weight — 79.9 = 4.5 kg; body mass index — 24.3 = 2.1 kg/m?) volunteered to
participate in this study. They participated in two experiments 3—5 days apart. Each experiment comprised six
series of 60-s maximum voluntary contraction (MVC) force (knee extension) achieved as rapidly as possible. This
very high-volume, high-intensity exercise (HVHIE) was performed at different quadriceps muscle lengths: short
(SL) and long (LL). The MVC and the electrically stimulated contractile properties of the muscle were measured
prior to HVHIE, immediately after and 3 min after each series, and at 3, 10, and 30 min after the end of HVHIE.
We found that HVHIE caused high levels of stress (cortisol levels approximately doubled, heart rate and the root
mean square successive difference of interval (RMSSD) decreased by about 75%); lactate increased to 8—11 mmol/L,
voluntary and 100 Hz stimulation-induced force (recorded immediately after HVHIE) decreased by 55% at LL and
40% at SL. However, the central activation ratio during MVC did not change after either exercise. Isometric HVHIE
performed using one leg caused high levels of stress (RMSSD decreased, cortisol increased after HVHIE equally
at SL and LL; La increased more while exercising at LL) and the voluntary and electrostimulation-induced muscle
force significantly decreased, but muscle central activation during MVC did not decrease.
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High-intensity exercises are widely used in sport and health promo-
tion [1, 2]. Exercises performed at maximum intensity cause both
peripheral and central fatigue [3, 4, 5, 6, 7], resulting in reduced
energy stores in muscles and accumulation of metabolites [8]. This
in turn reduces Ca®* release from sarcoplasmic reticulum and myo-
fibrillar Ca®* sensitivity [8, 9, 101 and also reduces the adhesion
force and number of myosin transverse bridges [11]. In addition,
when exercises are performed isometrically (especially at long mus-
cle length), mechanical damage to the muscle can occur [5, 12].
The decrease in muscle strength during exercise depends on many
interrelated factors, including group I11/IV afferent signals to the cen-
tral nervous system (CNS) and cardiovascular system, which affect
cortex activation and the sense of effort [13, 14]. The greater the
flow of afferent stimuli from the periphery, the greater is the central
fatigue. This protects the muscles from further burnout because the
individual critical threshold (as a hypothetical construct) of peripheral

muscle fatigue is the prevailing factor limiting central motor
drive [15, 16, 171.

Classical high-intensity exercise is performed on a stationary bi-
cycle in dynamic mode for 4-12 series of 5-30 s each at maximal
intensity [1, 18, 191. We previously showed that 12 series of 5 s each
at maximal intensity caused high levels of metabolic muscle fatigue
(peripheral fatigue) [6, 18]. For this study, we chose a very high-
volume ,high-intensity exercise (HVHIE) comprising six series every
3 min of 60-s maximal voluntary contraction (MVC) force in an
isometric mode. Previously, we used continuous 1- and 2-min
MVC [4, 5]. We developed three hypotheses. The first hypothesis
proposed that because intense, prolonged exercise activates IlI/IV
afferents, which send signals to the CNS and might “protect” muscles
from further fatigue or exhaustion [15, 171, six series of 60-s MVC
(i.e., HVHIE) should cause very high central fatigue, while periph-
eral fatigue should stop increasing after 2—-3 series. Extremely high
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levels of central fatigue should occur when muscle contraction occurs
at long muscle lengths (LL) because, in this case, the muscle devel-
ops a larger force and there should be greater and faster peripheral/
metabolic fatigue. The second hypothesis proposed that because
maximal-intensity isometric exercises at long muscle length result in
greater muscle damage than those at shorter muscle length (SL) [5, 9],
recovery of muscle strength after HVHIE at LL should be slower than
that after HVHIE at SL. The third hypothesis proposed that HVHIE
should reduce the rate of force development (RFD) more than MVC,
as we speculated that the ability of CNS to maximally activate the
muscle in the first milliseconds of contraction might demand more
voluntary drive than during MVC (which we believe should lead to
a greater decrease in RFD than MVC). The aim of our study was to
test these three hypotheses.

MATERIALS AND METHOD'S 1
Participants

Healthy male students (n = 19) (21.2 = 1.7 years; height —
1.82 = 0.41 m, body weight — 79.9 + 4.5 kg; body mass index
- 24.3 = 2.1 kg/m?) volunteered to participate in this study. The
participants were physically active but did not take part in any formal
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physical exercise or sports programme. Each participant read and
signed an informed consent form consistent with the principles out-
lined in the Declaration of Helsinki. The Ethics Committee of the
Lithuanian University of Health Sciences approved this study.

Study design

The study design is illustrated in Figure 1. Three to five days prior to
the experiment, all subjects were introduced to the study protocol,
including muscle electrostimulation (ES) and the need to achieve
MVC as rapidly as possible. They were also asked to maintain MVC
for 30 s to familiarize themselves with extended-length exercise. All
19 subjects participated in two experiments 3-5 days apart. The
protocol of the experiment was as follows: six series of 60-s MVC
(knee extension) (6x60 s MVC). Participants performed HVHIE at
different quadriceps muscle lengths: SL with one leg on the first day
and LL with the other leg the next day. Prior to the HVHIE, immedi-
ately after each series, just before the next series, as well as 3, 10,
and 30 min after the end of the HVHIE, the contractile properties of
the muscle induced by ES and MVC were tested. The rest interval
between each series was 3 min. MVC was achieved as rapidly as
possible in all cases. Quadriceps femoral muscle electromyographies
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FIG. 1. Study design. HRV — heart rate variability; ES — electrostimulation induced torque at 1 Hz (P1) and 100 Hz (P100); MVC+DS
— electrostimulation during maximal voluntary contraction. Sy, S,, S3. S4, Sg and Sg — 6 series of maximal voluntary contraction (MVC)
of 60 s each. The rest interval between each series was 3 min, i.e. the time period from ES after MVC 60 s to ES before the next

MVC.
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(EMGs) were recorded throughout HVHIE. In addition, lactate and
cortisol concentrations were determined before HVHIE and 3-5 min
and 30 min after exercise. Heart rate (HR) was recorded throughout
the study.

Measurements

Muscle testing. The subjects were seated in an upright position (hip
angle 110°) in a custom chair with adjustable lower-limb attachments
and were secured with waist and chest belts. The force produced by
the quadriceps of both legs was measured using LPU-100 load cells
(Transducer Techniques, Temecula, CA, USA). Force signals were
amplified (gain = 40), digitized online using a BIOPAC MP150 data
acquisition system (sampling rate 1 kHz), and recorded simultane-
ously using AcqKnowledge 4.1 software (BIOPAC Systems Inc.,
Goleta, CA, USA). Subjects were required to keep their arms crossed
in front of their chest.

The subject sat upright in the dynamometer chair with the knee
joint positioned at 100° (SL) or 145° (LL) (180° = full knee extension).
The equipment and procedure for electrical stimulation were essen-
tially the same as previously described [4, 5]. Direct muscle stimula-
tion was applied using two carbonized rubber electrodes covered with
a thin layer of electrode gel (ECG-EEG Gel; Medigel, Modi'in, Israel).
A standard electrical stimulator (MG 440; Medicor, Budapest, Hun-
gary) was used. The stimulus frequency was 1 Hz (torque — P1) or
100 Hz (torque — P100). ES was delivered in square-wave pulses of
0.5 ms duration. The MVC force was reached as fast as possible,
maintained for approximately 3 s before relaxation and measured three
times before HVHIE; the highest value was used in the analysis. The
time interval between MVC trials was 1 min. During the MVC testing,
10 stimuli (TS) at a 10-ms interval (100 Hz) were superimposed. The
TS was used to assess the central activation ratio (CAR) of the quad-
riceps muscle [4, 5]. Six series of 60-s MVC were performed every
3 min (Figure 1); during the first session, these were performed at SL,
while during the second session after a 3-5-day break, they were
performed with the other leg and at LL (selection of right or left leg
for each session was randomized). The sequence of each series was
started by achieving MVC as fast as possible. This was the MVC
value at the beginning of each series. After each series of 60-s MVC,
the quadriceps muscle was relaxed and the MVC test (one trial as fast
as possible with superimposed stimuli) was performed. MVC was
performed once in all cases. Immediately afterwards, 1 Hzand 100 Hz
ES of the muscle was delivered; 100 Hz stimulation lasted for 1 s. At
3, 10, and 30 min after HVHIE, muscle testing was repeated. During
the 60-s MVC, we calculated the knee-extension torque integral every
10 s for the entire 60-s period. The maximal rate of force development
during MVC (RFDv) and 100 Hz-induced ES (RFDs) were calculated.

EMG recording. EMG activity was recorded from the vastus late-
ralis of each leg. The skin was shaved and cleaned with alcohol to
reduce the impedance between the skin and the electrode to less than
5 kQ. EMG signals were obtained using two silver chloride electrodes
(26 mm diameter; centre-to-centre distance 2.5 cm) (FIAB, ltaly)

attached to the bellies of the muscles. The common reference electrodes
were placed under the knee caps. EMG signals were amplified
(gain = 1000), band-pass filtered (10 Hz-5 kHz), digitized online
(sampling rate 2 kHz), and recorded simultaneously using AcgKnowl-
edge 4.1 software (BIOPAC Systems Inc., Goleta, CA, USA). EMG
signals, such as the root mean square (EMGrms) in V and median
frequency (MedF) in Hz, were extracted from a 1-s epoch coinciding
with the 1-s force interval of the steady-state MVC. In addition, EMGrms
was calculated for the first 50 and 100 ms during MVC.

Measurement of lactate. The concentration of lactate in capillary
blood was measured using a blood lactate meter (Lactate Pro2;
ARKRAY, The Netherlands). Lactate was measured before and 3 min
and 30 min after HVHIE.

Saliva samples. Samples of saliva and blood were collected at
three time points: before, 5 min after, and 30 min after the comple-
tion of six series of 60-s MVC (HVHIE). A minimum of 1 mL of sa-
liva was collected into special tubes (IBL SaliCap, Germany). Samples
were stored at —24°C for later analysis. The concentration of free
cortisol in saliva was measured using an enzyme-linked immunosor-
bent assay (ELISA) and a Gemini analyser (Stratec Biomedical GmbH,
Birkenfeld, Germany).

HR and HR variability (HRV) testing. Kubios HRV software (De-
partment of Applied Physics, University of Kuopio, Finland) was used
for HRV analysis [20]. We calculated the HR and the root mean
square successive difference of interval (RMSSD) in ms. We judged
the increase in stress based on the decrease in RMSSD [21]. HR
and HRV were recorded and measured at 10 min before and 30 min
after HVHIE. Additionally, these indices were recorded and measured
during HVHIE.

Statistical analyses

Data are reported as means SD. The data were tested for normality
using the Kolmogorov-Smirnov test, and all were found to be nor-
mally distributed. Two-way analysis of variance (ANOVA) for repeat-
ed measures (general linear mixed model) was used to determine
the effect of six series of 60-s MVC (the effect of HVHIE) (six levels)
and the effect of muscle length (SL vs. LL) on different parameters
of skeletal muscle performance and EMG (both factors are within-
subjects factors). Changes in HR and HRV and the concentrations
of cortisol and lactate were also analysed using mixed model two-way
ANOVA for repeated measures with time (three levels) and trial
(SLvs. LL) (both factors are within-subjects factors). F value and the
partial squared (°) were estimated as measures of the experimental
trial effect size. Mauchly’s test was implemented to check the as-
sumption of sphericity, and if the assumption of sphericity was not
met, a Greenhouse-Geisser correction was applied to the data. Post
hoc testing was performed if significant effects were found via ap-
plication of the paired t test using Bonferroni correction for multiple
comparisons. For all tests, statistical significance was defined as
p < 0.05. Statistical analyses were performed using IBM SPSS
Statistics software (v. 22; IBM Corp., Armonk, NY, USA).
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Ethics

All procedures performed in studies involving human participants
were in accordance with the ethical standards of the local Ethics
Committee and with the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards.

RES U LT S 15000
MVC, MVC-10 s integral, RFDv of MVC, P100, and RFDs of P100
were significantly higher and median frequency was lower at LL than
at SL (p < 0.01) (Table 1).

Figure 2 shows the change in MVC-10 s integral over the 6 series
at SL (A) and LL (B). MVC-10 integrals decreased significantly in all
series at both SL and LL (p < 0.001). In the first two series, the
force integral was larger at LL than at SL (p < 0.01) (Figure 2C).
From the fourth to the sixth series, the force integral remained un-
changed at both SL and LL. The change in 60-s MVC integral was
significant (F = 86.6, p < 0.001, n? = 0.76) and depended on
muscle length (decreased more for LL) (F = 9.1, p < 0.001,
n? = 0.26). During the first four series, fatigue (decrease in
MVC-10 s integral) was greater at LL than at SL (p < 0.01), although
the change in fatigue index during HVHIE did not depend on muscle
length (F = 2.02, p = 0.137, 1> = 0.075) (Figure 2D).

Immediately after each MVC-60 series MVC and RFDv decreased
more during HVHIE at LL than at SL (interaction effect of HVHIE and
LLvs.SL, F=6.8,p < 0.001, le =0.22and F = 3.4,p < 0.01,
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n? = 0.12, respectively) (Figure 3A and B), while CAR remained
unchanged in both cases (F = 1.1, p = 0.37, n? = 0.04) (Figure
3C). Immediately after each MVC-60 series RFDv decreased more
than MVC during HVHIE at both LL and SL (p < 0.01). Neither MVC
nor RFDv recovered within 30 min after exercise. MVC/P100 de-
creased during exercise in both LL and SL (F = 6.7, p < 0.001,
n? = 0.21), but it did not depend on muscle length (F = 0.99,
p = 0.43, 12 = 0.04) (Figure 3D). However, during recovery, this
ratio increased significantly in LL compared with baseline (p < 0.01).
In addition, MVC/P100 after 30 min was significantly higher at LL
than at SL (p < 0.01). This shows that central fatigue disappeared
faster than peripheral fatigue.

MVC EMGrms (the effect of HVHIE: F = 3.8, p = 0.06, 1> = 0.13)
and median frequency (F = 3.8, p = 0.09, 12 = 0.13) did not
change significantly during exercise at either SL or LL (the effect of
HVHIE x muscle length was not significant), but EMGrms during the
first 50 ms (the effect of HVHIE: F = 4.5, p < 0.001, n? = 0.154)
and 100 ms of MVC (the effect of HVHIE: F = 4.5, p < 0.001,
n? = 0.154) decreased at both SL and LL and was independent of
angle (the effect of HVHIE x muscle length for 50 ms and 100 ms,
respectively: F = 0.95, p = 0.43,1? = 0.03; F = 1.4, p = 0.21,
n? = 0.05) (Figure 4).

P1 (the effect of HVHIE: F = 88.8, p < 0.001, n? = 0.78) and
P100 (the effect of HVHIE: F = 215.8, p < 0.001, n? = 0.89)
decreased at both SL and LL, but to a greater extent at LL than at

TABLE 1. Baseline average values (+ standard deviation) of motor performance. MVC — maximal voluntary contraction torque; RFDv
and RFDs- rate of force development during MVC and P100 respectively; CAR — central activation ratio; MedF — median frequency
of electromyography (EMG); MVCrms — root mean square of EMG during MVC; 50 ms and 100 ms MVCrms — root mean square of
EMG during first 50 and 100 ms of MVC respectively; Pl and P100 — electrostimulation induced torque at 1 Hz and 100 Hz

respectively.

Short length Long length
MVC (Nm) 242.1 = 51.7 303.1 + 61.4*
RFDv of MVC (Nm/s) 2486.8 + 670.9 3119.9 + 588.8*%
MVC 10 s integral (Nmxs) 1969.8 + 427.8 2537.9 + 466.7*
CAR (%) 98.8 = 0.9 98.9 + 0.8
MedF (Hz) 72.1 = 13.6 65.0 = 5.2#
MVCrms (V) 0.50 = 0.23 0.46 = 0.25
50 ms MVCrms (V) 0.41 = 0.21 0.35 = 0.19
100 ms MVCrms (V) 0.54 + 0.28 0.53 £ 0.2
50 ms MVCrms/MVCrms (%) 90.1 = 31.1 80.4 + 36.2
100 ms MVCrms/MVCrms (%) 123.4 + 35,5 1249 = 37.7
P1 (Nm) 21.1 + 8.0 245 + 4.4
P100 (Nm) 197.5 + 36.2 226.2 + 61.8*%
P1/P100 (%) 10.6 = 2.3 10.8 £ 2.9
RFDs of P100 (Nm/s) 2664.0 = 448.1 2730.2 + 599.7#
MVC/P100 1.22 = 0.34 1.35 £ 0.25

# — p < 0.01 compared to short length.
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SL (the effect of HVHIE x muscle length for P1 and P100, respectively:
F=15.1,p<0.001,7=0.38; F=6.5,p < 0.001,n1? = 0.21)
(Figure 5). In addition, for SL, post-tetanic potentiation occurred at
the onset of exercise because P1 increased (p < 0.001). In both SL
and LL, low-frequency fatigue occurred after exercise (the effect of
HVHIE: F = 80.1, p < 0.001, n® = 0.68; the effect of HVHIE
x muscle length: F = 1.95, p = 0.13, 12 = 0.06).

P100 RFDs decreased during exercise at both LL and SL (the
effect of HVHIE: F = 84.6, p < 0.001, n? = 0.77), but to a greater

320 .

Giedre Jurgelaitiene et al.

>

—e— Shortlength ---<»---- Long length
160

140
120
100 -

P1 percent of before
H O O
o © ©

N
o

o

160 -

r
N 2
o o

100 -

-]
(=]

P100 percent of before
N )
o o

N
o

o

0

160 -
o)
S 140
2120 -
+= 100 -

of bef

P1/P100 percen

N & O ®
[~ T — T — I — I

S1 S2 S3 S4 S5 S6 R3R1R30

FIG. 5. Changes in electrically induced torque at 1 Hz (A), 100 Hz
(B) and P1/P100 before and after each 6 series (S1, S2, S3, S4,
S5, S6) of MVC-60 s at short and long quadriceps muscle lengths.
R3, R10 and R30 - recovery after 3, 10 and 30 min after exercise
respectively. Data are presented as mean = SD.

* —p < 0.01 compared to before of S1.

extent at LL than at SL (the effect of HVHIE x muscle length: F = 7.8,
p < 0.001, n? = 0.24) (Figure 6). RFDv MVC/RFDs P100 also
decreased during exercise at both SL and LL (the effect of HVHIE:
F=7.8p < 0.001,n? = 0.24) and did not depend on muscle
length (the effect of HVHIE x muscle length: F = 7.8, p < 0.001,
n? = 0.24), but it increased at LL during recovery and was greater
than the baseline value after 30 min (p < 0.01).

After exercise, lactate increased significantly and to a greater ex-
tent at LL than at SL (the effect of HVHIE x muscle length: F = 7.9,




Motor fatigue

—e— Shortlength ---<---- Long length
160 -

140 A
120
100 -
80 -
60
40
20 -

RFDs percent of before of S1 >

160 -
140 A
120 A
100 A

of S1
(=]

[ ]

RFDv/RFDs percentof before m

S1 S2 S3 S4 S5 S6 R3R1R30

FIG. 6. Changes in rate of force development during electrically
induced 100 Hz stimulation (RFDs) (A) and RFDv/RFDs before
and after each 6 series (S1, S2, S3, S4, S5, S6) of MVC-60 s at
short and long quadriceps muscle lengths. RFDv — rate of force
development during maximal voluntary contraction. R3, R10 and
R30 — recovery after 3, 10 and 30 min after exercise. Data are
presented as mean = SD.

* —p < 0.01 compared to before of S1.

p < 0.001, n® = 0.23) (Figure 7A). For both SL and LL, cortisol
levels increased significantly only at 30 min after exercise (p < 0.001)
(the effect of HVHIE: F = 5.9, p < 0.001, n? = 0.21) (interaction
effect was not significant) (Figure 7B).

During exercise, HR increased equally at both LL and SL of HVHIE
(p < 0.001) (respectively from 70.8 = 9.1 and 71.5 = 7.5 beats/
min before to 131.8 + 16.6 and 128.5 + 13.8 beats/min during
HVHIE). RMSSD decreased equally at both LL and SL of HVHIE
(p < 0.001) (respectively from 44.8 + 6.1 and 40.4 + 5.3 ms
before t0 9.2 = 5.4 and 9.5 = 4.1 ms during HVHIE. HR and
RMSSD did not recover to the baseline value within 30 min (p < 0.001
compared to before/baseline).

DISCU'S'S 1O /N 15
The main novelty of our study was the finding that HVHIE performed
with one leg caused great stress to the body (first of all to the neu-
romuscular system) (cortisol levels approximately doubled, RMSSD
decreased to 25%, lactate increased to 8-11 mmol/L, voluntary and
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After 30 min

FIG. 7. Changes in lactate (A) and cortisol (B) concentration after
6 series of MVC-60 at short and long quadriceps muscle lengths.
Data are presented as mean = SD.
* —p < 0.01 compared to before.

100 Hz stimulation-induced force [recorded immediately after the
end of the HVHIE] decreased to 45% [at LL] and 60% [at SL]), al-
though CAR remained unchanged after exercise at both SL and LL.
This suggests that fatigue was localized more in the muscles than in
the CNS during this exercise. It was rather unexpected that central
fatigue did not start to increase during such heavy exercise, because
our previous studies showed that CAR decreased even after lighter
exercise, e.g., after 100 intermittent isometric contractions at an
intensity of 50% of MVC [22], at the end of 2-min MVC [4], after
12 series of 5-s veloergometric exercise at maximal intensity [6, 18],
and after 100 [23] or 200 drop jumps at maximal intensity [18]. In
fact, cortisol levels after HVHIE were higher than those after drop
jumps [18] or after veloergometric exercise at maximal intensity [6];
after 100 intermittent isometric contractions, cortisol levels even
decreased [22]. We expected that the six 60-s series of MVC at both
SL and LL would result in severe central fatigue because of high
levels of peripheral afferent signals. Prolonged exercise activates I11/IV
afferents, which send signals to the CNS and this might “protect”
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muscles from further exhaustion [15, 17]. We do not know any
reason why CAR did not decrease immediately after such intense
exercise. This definitely needs to be investigated in other studies in
the future.

The second hypothesis (and the second main finding) of our study
was not confirmed, because low-frequency fatigue (decrease in
P1P/100) after HVHIE at LL was not higher than after exercise at
SL (Figure 5C). Our previous research shows that prolonged low-
frequency fatigue is often associated with skeletal muscle mechani-
cal damage [5, 23]. After HVHIE at LL, lactate concentrations were
higher than after HVHIE at SL. In addition, although MVC and P100
at LL decreased significantly, P1/P100 did not differ between SL and
LL 30 min after exercise. This shows that low-frequency fatigue was
not greater after exercise at LL. Therefore, there is no reason to believe
that the muscle mechanical damage at LL could have been greater
than the one at SL. However, the data in our studies do not allow us
to determine whether there was muscle mechanical damage at all
because we did not measure the concentration of creatine kinase,
which could more accurately show the degree of mechanical muscle
damage. [5, 23]. P1/P100 decreased to about 60% 30 min after
exercise at both LL and SL. This is consistent with our previous find-
ings that the P20/P100 decreased to 50-60% after a 3 x 30-s
Wingate test, 2-min MVC isometric exercise, or after 100 drop
jumps [5]. In addition, our previous studies showed that P10 de-
creased to 40% of the baseline value 30 min aftera 6 x 30-s Wing-
ate test [10], which is very similar to the present finding that P1
decreased to 40% (Figure 5A).

There is no doubt that the resultant (net) muscle contraction force
(MVC, P1, and P100), RFDv during MVC, and P100 during and
after HVHIE are dependent on many coexisting factors, e.g., post-ac-
tivation potentiation, tetanic maximal force potentiation, low-frequen-
cy fatigue, metabolic-related fatigue, post-contractile depression, and
exercise-induced muscle damage [3, 5, 24]. It is often quite difficult
to distinguish the effects of these factors. However, the observation
that during the first series of HVHIE, P1 did not decrease, and at SL
it even increased, indicated that post-tetanic potentiation was clear-
ly present at the onset of exercise and within 3 min of recovery. This
is consistent with the previous findings in our studies that P1 change
is dependent on the interaction of fatigue and post-tetanic potentia-
tion, i.e. when fatigue disappears after exercise but post-tetanic
potentiation remains, P1 even increases during recovery [3, 5, 24].
In the case of this study, after 4-6 series, the onset of post-tetanic
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potentiation can no longer compensate for high muscle fatigue, and
therefore P1 decreased even more and did not recover between the
series.

Our third main finding was that after HVHIE, the RFDv of MVC
declined more than the MVC itself. This is consistent with other reports
that the RFDv was lower in fatigue than in MVC [25, 26]. We believe
that during HVHIE in our study, there was an increase in the impair-
ment of the ability of the CNS to maximally activate the muscle in
the first milliseconds of the contraction. This is demonstrated by the
decrease in EMG at 50 and 100 ms (Figure 4). In addition, we
observed that the RFDv of MVC/RFDs of P100 significantly decreased
during exercise (Figure 6B). Undoubtedly, the decrease in RFDv may
have been influenced not only by voluntary activation mechanisms
but also by involuntary/reflexive mechanisms, which can suppress
many supraspinal and spinal mechanisms responsible for RFDv, for
example, for the recruitment of motor units and the frequency of
impulses. There is no doubt that the evaluation of RFDv in human
skeletal muscle is a complex task that is influenced by numerous
distinct methodological factors, including the mode of contraction,
type of instruction, method used to quantify RFD, devices used for
force/torque recording, and ambient temperature [27, 28, 29, 301.

We chose spectral EMG analysis because most of the evidence
suggests that the frequency domain of the EMG signal contains some
information regarding motor-unit firing rates [31], and the size of the
EMGrms indicates the muscle neural activation level [31, 32]. In our
study, EMGrms and the median frequency of EMG during MVC did
not change significantly at either LL or SL (Figure 4).

The main limitation of these studies is that we studied only young
men, so the findings of our studies cannot be directly applied to young
women, older men and women, or to boys and girls.

CONCLU SO /N S 5
In conclusion, when HVHIE is performed with one leg in isometric
mode, the body experiences high levels of stress (RMSSD decreased,
cortisol increased after HVHIE equally at SL and LL; La increased
more while exercising at LL), voluntary and ES-induced muscle force
significantly decrease, but muscle central activation does not decrease
during MVC.
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