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1 INTRODUCTION 

Fatigue developing during exercise changes the
physiological and biochemical characteristics of mus�
cle tissue and is seen as an alteration of the movement
kinematics, pattern, and efficiency and a decrease in
maximal voluntary contraction [1, 2]. When working
intensely, a muscle becomes hypoxic because of insuf�
ficient blood supply, and hypoxia activates glycolysis
and facilitates an accumulation of lactic acid. Acidifi�
cation of the sarcoplasm leads to a less efficient func�
tion of glycolysis enzymes, reduces the ATP produc�
tion, and impairs the contractile function [2–4].
Delayed�onset muscle soreness (DOMS) may develop
during the recovery from highly intense, mostly eccen�
tric, exercise, being similarly associated with a
decrease in the strength of muscle contraction [5–7].
DOMS is presumably determined by a set of responses
to damage, including edema and the inflammatory
response, which develops in the muscle and involves
leukocytes [8–11]. Studies in humans [2, 12–16] and

1 This article is devoted to V.I. Morozov, Dr. Sci., who have made
invaluable contribution to the formation of this field of research.

animals [17] have shown that electrical parameters of
muscles deteriorate in DOMS, reflecting a poorer
functional state and a decrease in the maximal
strength of contraction. Along with DOMS, muscle
proteins leak into circulation because of damage to the
myocyte membrane [18]. At the same time, DOMS
poorly reflects the extent of damage to the muscles
from eccentric exercise, and changes in indirect mark�
ers of this damage are not necessarily accompanied by
DOMS [19]. 

Thus, there is a discrepancy in the available data on
the relationships of the strength of muscle contrac�
tion, DOMS, and biochemical markers of exercise�
associated muscle damage. The discrepancy possibly
arises because different models of exercise and differ�
ent durations of the observation period are used in rel�
evant studies. We have previously described how
exhausting weightlifting exercise (WE) affects the
recovery dynamics of physiological (the amplitude and
frequency on the interference electromyogram
(iEMG), muscle tone, and DOMS severity) and bio�
chemical (lactate and creatine kinase (CK)) parame�
ters characterizing the state of muscles [20].
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A decrease in iEMG frequency has been observed
immediately and 3 days after WE with DOMS devel�
oping and CK leaking into circulation during a postex�
ercise recovery period. It remained unclear how WE
affects the maximal strength of contraction as an inte�
gral parameter of the functional state of muscles. 

The objectives of this work were to study the acute
and delayed effects of exhausting WE involving the
knee extensor muscles on the maximal isometric force
(MIF) in correlation with iEMG characteristics of the
functional state of the muscles, DOMS, and biochem�
ical markers of muscle damage. 

METHODS 

We examined nine healthy males aged 19–23 years
20.1 ± 1.45 years, Х ± SD), who were informed about
the nature of the study and voluntarily gave their con�
sent to participate. The study procedures were
approved by the Ethics Committee at the St. Peters�
burg State University and were in agreement with the
Declaration of Helsinki. Prior to the study, the subjects
were examined by a therapist and found to have no
contraindications to taking part in the study. 

We used a leg extension device (Technogym, Italy)
for knee extensor muscle training in the sitting posi�
tion. To evaluate the exercise load, the one repetition
maximum (1RM) was estimated by trial and error,
understanding 1RM as the maximal weight that the
subject can lift only once on a given device. The sub�
jects were evaluated for their 1RM 14 days before the
test WE session, and the weights corresponding to 80,
70, 60, 50, 40, 30, 20, and 10% of 1RM were calcu�
lated. The session was preceded by a 5�min warm�up,
which included squatting and bending. During the
session, a subject sat on the device (in the initial posi�
tion, the legs were relaxed, the knee joint was bent at
90°, and the roller was over the ankle joints) and
straightened the legs until the angle at the knee joint
was 170°–180°. The session consisted in working with
each weight until failure. The exercise was stopped
when the subject failed to straighten the legs to 170°–
180° at the knee joint three times. The exercise was
continued after 1�min rest, the weight being changed
during this period. The subjects did the exercise at an
average rate of 25–30 extensions per minute. The
weight was decreased in a stepwise manner from 80 to
10% 1RM. The exercise was designed to completely
fatigue the working muscle groups. 

Finger�prick blood samples were collected prior to
and immediately after the WE session and then 1 h and
1, 2, 3, 5, 7, and 9 days after the session in Microvette
500 EDTA tubes (Sarstedt, Germany), which con�
tained an anticoagulant. The samples were centri�
fuged, and the plasma and erythrocytes were divided
into aliquots and stored at –80°C. 

MIF of the knee extensor muscles was measured
using a DOR�3 dynamometer (PetVes, St. Petersburg)
prior to and immediately after the WE session and
then 1 h and 1, 2, 3, 5, 7, and 9 days after the session.

A baseline MIF measurement was carried out 1 h
before the WE session. A subject sat on the device in
the initial position and tensed his knee extensor mus�
cles to apply a maximal force to a constant�length steel
bar, which was fixed rigidly with one end to the frame
of the device and connected with the other end to a
dynamometer and a tensiometer with an electronic
display showing the isometric force developed. Prior to
a measurement, an angle of 90° at the knee joint was
checked using a laser level gage. Because the change in
length was no more than 2 mm for the tensile element
and was negligible for the steel bar, the muscle con�
traction involved was considered to be isometric
(without any appreciable change in muscle length or
any movement at the knee joint). 

A surface iEMG was acquired using a MIOKOM
electromyograph (RITM, Taganrog) with adhesive
concentric skin silver/chloride electrodes (d = 10 mM).
Prior to applying the electrodes, hairs were shaved,
and the skin wiped with an ethanol swab. To record an
iEMG in a monopolar configuration, an active elec�
trode was placed over the motor point of m. vastus lat�
eralis, and a reference electrode was attached over the
tibial bone prominence of the same leg. Technical
parameters of the electromyograph were as follows:
maximal input voltage, 2 mV; input signal (3 dB) fre�
quency range, 20–500 Hz; internal noise referred to
input, no more than 0.3 µV effective value; EMG
envelope averaging time, 10 ms; sampling rate, 200 Hz
for each channel; analog�to�digital conversion, 16 bit.
The iEMGs were processed using StabMed 2 software
to calculate the iEMG maximal amplitude (MA). 

To estimate the muscle pain severity, the subjects
were asked to report their sensations during the total
study. Pain in the knee extensor muscles was evaluated
using a set of motor tests (a single squat, walking down
stairs (10 steps), and muscle palpation). The pain
severity was estimated using the modified Borg CR10
scale for each test, and the average score was calcu�
lated for each of the subjects. 

The lactate concentration and CK activity were
measured using Olvex Diagnosticum kits (St. Peters�
burg), and the myoglobin concentration was assayed
using a DRG Instruments kit (Marburg, Germany) as
recommended by the manufacturers. 

A statistical analysis was carried out using Statistica
6.0 and IMB SPSS 19 software. The median, mean,
and standard deviation were calculated. Differences
were tested for significance by the t and Mann–Whit�
ney tests and were considered significant at p < 0.05. 

RESULTS 

The mean amount of work performed by the sub�
jects was 23964 ± 5819 (15 675–32 482) J, and its
duration was 10.46 ± 2.53 min (7.16–15.22 min)
(Х ± SD). 

On average, the amount of work performed
reached its maximum at 80% 1RM, then decreased
significantly (р < 0.05) to a minimum at 50–30%



HUMAN PHYSIOLOGY  Vol. 41  No. 1  2015

EFFECT OF EXHAUSTIVE WEIGHTLIFTING EXERCISE 77

1RM, and then increased again at 20–10% 1RM
(Fig. 1a). The greatest variation of the amount of work
was observed at 80 and 10% 1RM. A more detailed
analysis allowed us to divide the group into two sub�
groups by the amount of work performed. Subgroup 1
subjects (n = 4) performed a greater amount of work
with lower weights, while subgroup 2 subjects (n = 5)
displayed a decrease in the amount of work by the mid�
dle of the working cycle and a stabilization at 50–10%
1RM (Fig. 1b). The total amount of work performed
was 29 018 J in subgroup 1 and 18 968 J in subgroup 2. 

On average, MIF measured for the knee extensor
muscles immediately after the WE session was 53% of
its baseline value (Fig. 2). 

The parameter was restored quickly during the first
day after WE, reaching 71% of its baseline value. Then
the restoration slowed down so that MIF remained
virtually the same from day 2 to day 5. MIF started to
increase again afterwards, but was still 18% below the
baseline level 7 days after WE. Subgroups 1 and 2 did
not significantly differ in MIF. 

An EMG analysis showed a substantial variation of
m. vastus lateralis iEMG MA measured during maxi�
mal voluntary contraction (MIF measurement) or
exercise at high (80–70% 1RM) loads (Fig. 3). The
finding suggested heterogeneity for the subject group
(the response of the subjects’ neuromuscular system to
loading). The parameter stabilized only at 50% 1RM
(with a distinct decrease in the amount of work per�
formed). 

As averaged over the subject group, the iEMG MA
did not significantly differ in a range of 80–30% 1RM.
A significant (p < 0.05) decrease in iEMG MA was
observed only at 20 and 10% 1RM as compared with
exercise at high loads. The median iEMG MAs were
0.80 mV at 80% 1RM, 0.76 mV at 70 1RM, 0.68 mV at
60% 1RM, 0.65 mV at 50% 1RM, 0.67 mV at 40%
1RM, 0.61 mV at 30% 1RM, 0.56 mV at 20% 1RM,
and 0.62 mV at 10% 1RM. The iEMG MA measured
after the WE session was significantly lower (p < 0.03)
only than the iEMG MAs recorded at 80–60% 1RM.
Only minor changes in iEMG MA were observed dur�
ing postexercise recovery (Fig. 3). 

The blood lactate concentration showed a three�
fold increase after the WE session (from 3.7 to
10.6 mmol/L, p < 0.01). CK activity was 3.6 times
higher than the baseline 1 day after the WE session and
7.1 times higher than the baseline 3 days after the ses�
sion (Fig. 4a). 

Maximal CK activity was detected 5 days after the
WE session, increasing over the baseline by a factor of
8.3. CK activity remained substantially higher than the
baseline even 9 days after the WE session. The myoglo�
bin concentration in the blood plasma changed
quicker than CK activity, being significantly higher
than the baseline immediately after the WE session
(Fig. 4b). Then the myoglobin concentration gradu�
ally increased and reached its maximum (23 times that
at the baseline) 3 days after the session. On day 9, the
myoglobin concentration was still significantly higher

than the baseline. Subgroups 1 and 2 did not signifi�
cantly differ in lactate or myoglobin concentrations. 

The restoration period was characterized by pain
development in the knee extension muscles from day 1
after the WE session. The highest pain severity was
recorded 2 days after the WE session. On day 9, the
subjects did not complain of muscle pain. Significant
differences were not observed between subgroups 1
and 2. 

DISCUSSION 

Performance capacity. The amount of work per�
formed by the subjects was maximal at the greatest
load (80% 1RM), decreased significantly at lower
loads, and stabilized at 50% 1RM to remain the same
to the end of the WE session. The greatest and lowest
variations of the parameter were observed at 80% and
10% 1RM, respectively. We analyzed the causes of the
variation and observed that the subject group distinctly
tended to segregate into two subgroups. Subgroup 1
subjects performed a greater amount of work (55%) at
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Fig. 1. (a) Amount of work (J) performed by the subjects
and (b) its distribution between the subgroups. Differences
were significant at (*) p < 0.05. Abscissa, load, % 1RM.
Ordinate, work, J. 
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40–10% 1RM, while subgroup 2 subjects performed a
major portion of work (65%) at 80–50% 1RM. The
total amount of work performed by the subgroup 1
subjects was 1.5 times higher than that in subgroup 2.
The difference in performance capacity between sub�
groups 1 and 2 might be due to a difference in muscle
fiber composition. 

According to current views, numerous muscle
fibers of both type I and type II are recruited while
working at maximal loads (80–70%), when strength
generation is of importance, while the duration and
power of exercise at lower loads (20–10% 1RM)
depend on the amount of type I and type IIa muscle
fibers [21]. Hence, a greater content of slow type I and
type IIa fibers can be assumed for the subgroup 1 sub�
jects compared with the subgroup 2 subjects. Type II
muscle fibers are especially important for producing
force by a muscle. In particular, this is true for m. vas�
tus lateralis, which is one of the anterior surface mus�
cles of the thigh [22]. Human type IIa muscle fibers
produce a far greater force as compared with type I
fibers [23]. Studies with animals (rats) have shown that
a decrease in force generation in vitro is grater for fast
muscle fibers and lower for slow fibers [24]. At the
same time, we did not observe any significant differ�
ence between subgroups 1 and 2 apart from the differ�
ence in performance capacity. This circumstance was
possibly related to the exhaustive character of the WE
session. 

Acute decrease in muscle force. MIF dropped to
53% of its baseline value at the end of the WE session.

At least a threefold increase in blood plasma lactate
was observed after the session. A decrease in pH due to
lactate accumulation in muscles affects the muscle
function in several ways. A H+ accumulation with
increasing lactate concentration can accelerate fatigue
by changing the calcium–troponin association (inhi�
bition of the excitation–contraction coupling); alter�
ing the function of the Na+/K+ pump (a decrease in
excitability and development of neuromuscular
fatigue); and suppressing glycolysis via inhibiting
phosphofructokinase, which is one of the main glyco�
lysis enzymes [25–27]. In addition, a lactate accumu�
lation can prevent actin–myosin crossbridging as a
result of actomyosin ATPase inhibition, thus reducing
the force generation [28, 29]. 

Lack of significant differences in iEMG MA
between the tests at MIF measurement and exercise at
80–30% 1RM could be explained by the fact that the
subjects worked up to failure at each load; i.e., all pos�
sible reserves were involved to produce the maximal
muscle force. Accordingly, the iEMG MA increased
to a maximal extent. In contrast, individual motor
units (MUs) were recruited in an alternating manner
at lower loads (20–10% 1RM), and the iEMG MA
consequently decreased. A drop in iEMG MA at 50%
1RM was probably related to fatigue and exclusion of
type IIb MUs from working. The assumption is sup�
ported by the finding that the amount of work per�
formed decreased relative to exercise at higher loads
(80–70% 1RM). The same factor could similarly
determine the drop in iEMG MA seen immediately
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after the end of the WE session relative to WE at higher
loads. Thus, the EMG results showed that the muscle
under study was substantially fatigued during the WE
session, as was necessary for our experimental model. 

A decrease in EMG frequency, which is another
indicator of substantial muscle fatigue, has also been
observed after the end of exercise in a similar WE
model [20]. 

Restoration of muscle force after loading. A signifi�
cant increase in MIF, up to 71% of its baseline value,
was observed 1 day after the WE session. It is possible
to assume that the rapid partial restoration of the con�

tractile function was due to metabolite elimination
and normalization of pH and the levels of macroergic
compounds and neuromediators in intact fibers. The
MIF restoration rate decreased afterwards, and MIF
remained almost unchanged (75–76%) from day 2 to
day 5 days after the WE session. An increase in MIF
(+7%) was detected only on day 7. The beginning of
the period when MIF restoration decelerated was
characterized by the highest pain severity, which was
observed 2 days after the WE session. Then, muscle
pain gradually decreased and virtually disappeared by
the end of the observation period. Deceleration of
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MIF restoration partly coincided with an increase in
plasma myoglobin and CK, which are markers of mus�
cle damage. The changes in muscle pain were seen
earlier than the changes in damage markers, indicating
that DOMS�initiating events occur earlier than cer�
tain biochemical mechanisms are triggered to damage
muscle fibers. It is possible to assume that DOMS is
underlain by (1) edema, which activates the peripheral

pain receptors and causes muscular soreness, and (2)
subsequent inflammation, which involves leukocytes
[7, 11, 30]. There is evidence that an increase in mus�
cle tone after WE is associated with edema developing
in fatigued muscles [31]. An increase in muscle tone
with substantial fatigue has similarly been observed in
our previous studies [20]. Progressive damage to mus�
cle fibers (development of a catabolic phase) as a result
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of triggering certain biochemical mechanisms (activa�
tion of calpains, cyclooxygenase 2, and lipid peroxida�
tion) is accompanied by an increase in damage mark�
ers in the blood and further decelerates the restoration
of MIF. A mass leakage of muscle proteins is indicative
of substantial damage to the myocyte membrane [32–
36]. Deterioration of the muscle functional state is evi�
dent from a drop in iEMG frequency (with iEMG
amplitude and MIF being unchanged) [20] and a
decrease in EMG power spectrum frequency during
the same period [2]. A further contribution to delaying
the MIF restoration can be made by the fact that neu�
romuscular transmission remains less efficient as long
as the myocyte membrane is not completely restored. 

The finding that MIF starts increasing again after�
wards can be mediated by a partial restoration of contrac�
tile structures during the anabolic restoration phase
(supercompensation) [37–39]. The blood level of muscle
proteins still remains elevated, indicating that restoration
of the myocyte membrane is incomplete. 

CONCLUSIONS 
Our findings demonstrate that the contractile

capacity of muscles is restored in a nonlinear manner
after exhausting WE. The dynamic changes in MIS can
be related to several factors, which act consecutively. 

(1) Acidification of the sarcoplasm, depletion of
macroergic compound and neuromediator pools, and
mechanical damage to muscle fibers are responsible
for an acute decrease in MIF, which is observed imme�
diately after the end of exercise. It can be assumed that
a partial restoration of MIF is due to a restored bal�
ance of macroergic compounds and neuromediators

(a rapid increase in MIF) and a restored pH balance
due to elimination of lactic acid. 

(2) Edema and inflammation, which underlie
DOMS and damage muscle fibers, are another fac�
tor (a decrease in MIF restoration on days 2–5
after exercise). 

(3) Restoration of contractile structures occurs
next (MIF starts to increase again). The observed indi�
vidual variation in performance capacity was possibly
determined by the typological features of our subjects
and the resistance of muscle fibers to a damaging effect
of exercise. 
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