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Context: Whether muscle warming protects against exer-
cise-induced muscle damage is unknown.

Objective: To determine the effect of leg immersion in warm
water before stretch-shortening exercise on the time course of
indirect markers of exercise-induced muscle damage.

Design: Crossover trial.

Setting: Human kinetics laboratory.

Patients or Other Participants: Eleven healthy, untrained
men (age = 21.5 = 1.7 years).

Intervention(s): Participants’ legs were immersed in a water
bath at 44 = 1°C for 45 minutes.

Main Outcome Measure(s): Creatine kinase changes in the
blood, muscle soreness, prolonged (within 72 hours) impair-
ment in maximal voluntary contraction force and height of drop
jump, and electrically evoked muscle force at low and high
stimulation frequencies at short and long muscle lengths.

Results: Leg immersion in warm water before stretch-
shortening exercise reduced most of the indirect markers of

exercise-induced muscle damage, including creatine kinase
activity in the blood, muscle soreness, maximal voluntary
contraction force, and jump height. The values for maximal
voluntary contraction force and jump height, however, were
higher during prewarming than for the control condition at
48 hours after stretch-shortening exercise, but this difference
was only minor at other time points. Muscle prewarming did not
bring about any changes in the dynamics of low-frequency
fatigue, registered at either short or long muscle length, within
72 hours of stretch-shortening exercise.

Conclusions: Leg immersion in warm water before stretch-
shortening exercise reduced most of the indirect markers of
exercise-induced muscle damage. However, the clinical appli-
cation of muscle prewarming may be limited, because decreas-
ing muscle damage did not necessarily lead to improved
voluntary performance.

Key Words: electric stimulation, muscle length, neuromus-
cular performance, time course

exercise.

of stretch-shortening exercise.

Key Points

» Muscle prewarming did not change maximal voluntary contraction force or jump height during stretch-shortening exercise,
but it did increase the ratio of electrically induced muscle force at 100 Hz of long muscle length to short muscle length.
» Muscle prewarming affected indirect markers of muscle damage, decreasing blood creatine kinase activity and muscle
soreness and increasing maximal voluntary contraction force and jump height within 72 hours after stretch-shortening

» Muscle prewarming did not change the dynamics of low-frequency fatigue in short or long muscle lengths within 72 hours

frequently occurs after unaccustomed exercise,
particularly if the exercise involves a large number
of eccentric contractions.!-3 The well-documented markers
of EIMD include disruption of muscle intracellular
structures, sarcolemma, and extracellular matrix2; pro-
longed impairment of muscle function measured during
both voluntary and electrically stimulated contractions!.3;
manifestation of low-frequency fatigue (LFF)3.4; creatine
kinase (CK) activity in the blood; an acute inflammatory
reaction; and delayed-onset muscle soreness, stiffness, and
swelling.5:6 One of the indicators of muscle damage evident
immediately after eccentric exercise is a shift in the
direction of longer muscle lengths in the muscle length-
to-tension relationship.2
Warm-up exercise can reduce the extent of EIMD.7:8
Increasing muscle temperature via warm-up exercise could,
by enhancing muscle and connective tissue extensibility,
decrease EIMD.7 More recently, passive warming before

I : xercise-induced muscle damage (EIMD) in humans

eccentric exercise using pulsed short-wave diathermy
increased muscle temperature by approximately 1°C and
attenuated swelling but not other clinical markers of
muscle damage, including muscle soreness.8 Although
passive warming of the forearm flexors pre-exercise was
of no benefit in attenuating indicators of muscle dam-
age,%-10 preconditioning with muscle hyperthermia 1 day
before eccentric exercise was beneficial.ll

Based on these previous studies, the beneficial effect of
muscle prewarming in protecting against EIMD is uncer-
tain. This conflict may be due to several causes, namely the
protocols used for muscle prewarming, the choice and
timing of indirect markers of EIMD, and the characteris-
tics of the exercise used to induce muscle damage. Our aim
was to establish the effect of leg immersion in warm water
before stretch-shortening exercise (SSE) on indirect mark-
ers of EIMD within 72 hours. Because an increase in
muscle temperature may increase extensibility of the
musculotendinous unit, we anticipated that passive muscle
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warming before SSE would decrease the manifestations of
indirect markers of EIMD.

METHODS

Participants

Eleven healthy, untrained men (age = 21.5 = 1.7 years,
height = 179.7 = 3.5 cm, body mass = 74.2 + 4.7 kg) took
part in this study. Volunteers were physically active
(performing moderate-intensity physical activity for
30 minutes or more at least 5 days a week) but did not
take part in any sports program and had not been involved
in any jumping or leg strength training programs in recent
years. Each participant read and signed a written informed
consent consistent with the principles outlined in the
Declaration of Helsinki. The Ethics Committee of Kaunas
Medical University approved this study.

Rationale of Experimental Approach

To examine whether leg immersion in warm water
reduced the manifestation of indirect markers of EIMD,
each participant performed SSE in 2 conditions in random
order: without muscle prewarming (control [C] condition)
and with muscle prewarming (W condition). We selected
the following indirect markers of EIMD for study: CK
activity, muscle soreness, prolonged (within 72 hours)
impairment in maximal voluntary contraction force
(MVCF) and jump height, and electrically evoked muscle
force at low and high stimulation frequencies in short and
long muscle lengths. The time interval between exercising
in the C and W conditions was 3 to 5 months.

Stretch-Shortening Exercise

The SSE consisted of intermittent drop jumps from a
platform (0.5 m high) with countermovement to about a 90°
angle at the knees, immediately followed by a maximal
vertical jump. Each volunteer performed 3 bouts of 10, 40,
and 50 jumps, for a total of 100 jumps per bout. Between
jumps, a 30-second rest period was provided, with 5 minutes
of rest between bouts. The drop jumps were performed using
a multicomponent force plate (model 9286A; Kistler
Instrument Corp, Amherst, NY). Jump height (cm) was
calculated by applying the following formula: H = 1.226 X
Tf2, where Tf = flight time (seconds).!2 Participants’ hands
were positioned on their waists to eliminate arm swing. To
avoid additional stress on the right (test) leg, the volunteer
stepped on the platform with the left leg (the leg in which
muscle contraction force was not measured). After each
jump, the participant was informed of his jump height and
encouraged to jump as high as possible next time, similar to a
protocol applied in previous research.3

Muscle Force Measurements

Equipment and procedures for measuring muscle force
were the same as those used in earlier studies.3.13
Participants sat upright in an experimental chair with
vertical back support. A strap secured the hips and thighs
to minimize uncontrolled movements. The right leg was
strapped in a force-measuring device with the knee held at
a 90° angle (full leg extension = 180°) for MVCF

measurements. A 6-cm-wide plastic cuff, placed around
the right leg just proximal to the malleoli, was tightly
attached to a linear variable differential transducer.
Transducer output, proportional to isometric knee exten-
sion force, was amplified and digitized at a sampling rate of
1 kHz by a 12-bit analogue-to-digital converter installed in
a personal computer. The digitized signal was stored on a
hard disk for subsequent analysis. Force transducer output
was also displayed on a voltmeter in front of the volunteer.
The MVCF peak was reached and maintained for 2 to
3 seconds before relaxation. The rest interval between
MVCF measures was | minute.

Equipment and procedures for electric stimulation were
essentially the same as described previously.3.13 A high-
voltage stimulator (model MG 440; Medicor, Budapest,
Hungary) was used. Electric stimuli to the quadriceps
muscle were delivered through surface electrodes (9 X
18 cm) padded with cotton cloth and soaked in saline
solution. One stimulation electrode was placed just above
the patella, while the other covered a large portion of the
muscle belly in the proximal third of the thigh. The
electrode landmarks were marked with felt-tip pen. Electric
stimulation was always delivered in trains of square-wave
pulses of 1 millisecond in duration (150 V). With the aim
of recruiting the greatest number of fibers, we chose the
highest stimulation voltage possible. Before the test
stimulation, the muscle was stimulated 2 to 3 times with
a single stimulus at 70 to 90 V for familiarization purposes.

The following data were measured: quadriceps muscle
after electric stimulation at 20-Hz (P20) and 100-Hz (P100)
frequencies. Each electric stimulation series lasted 1 sec-
ond. We used a force-measuring device to assess the
contractile force induced by electric stimulation with the
knee kept at an angle of 135° (short muscle length) or 90°
(long muscle length) in a randomized manner for each
participant. The rest interval between muscle stimulations
was 10 seconds. The change in the P20:P100 ratio after the
SSE was used to evaluate low-frequency fatigue.3 The
change in the long:short muscle length ratio with P100 was
determined during and after SSE; an increase in this ratio
served as an indirect indication of muscle damage.2

Plasma Creatine Kinase Activity

Approximately 5 mL of blood was drawn from the
cubital vein into a tube containing lithium heparin before
SSE and at 24 and 48 hours after SSE. Blood was
centrifuged at 3000 revolutions per minute for 10 minutes,
and the separated plasma was removed and stored in a
—20°C freezer. Plasma creatine kinase (IU/L-1) activity
was determined by using an automatic biochemical
analyzer (model Monarch; Instrumentation Laboratory,
Giugno, Italy). The normal CK reference range for men
with this method is between 24 and 195 TU-L-1.

Muscle Soreness

Muscle soreness was reported subjectively using a visual
analogue scale from 0 to 10 points: 0 (none), 1 (very slight),
2 (slight), 3 (mild), 4 (less than moderate), 5 (moderate), 6
(more than moderate), 7 (intense), 8 (very intense), 9 (barely
tolerable), and 10 (intolerably intense). Participants were
asked to rate the severity of quadriceps soreness when
standing up and walking. Muscle soreness was determined
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Figure 1. The experimental design with muscle pre-warming. CK indicates creatine kinase activity measurement; T, rectal and muscle
temperature measurements; ES, electric stimulation of quadriceps femoris muscle with different frequencies at knee joint angles of 135°
and 90° in a randomized manner for each participant; MVCF, maximal voluntary contraction force measurement at the 90° knee angle; S,

soreness measurement; Testing, ES, jump height, and MVCF measurement.

at 24, 48, and 72 hours after SSE. A similar method of
evaluating muscle soreness has been used by previous
researchers.3.14.15

Temperature

We measured muscle temperature by needle thermocou-
ple (model DM-852; Ellab A/S, Roedovre, Denmark)
inserted to a depth of 3 cm below the skin surface in the
vastus lateralis muscle midthigh and slightly lateral to the
femur. The temperature recorded at a 3-cm depth was
assumed to represent the average temperature of the active
muscle mass.16 We measured rectal temperature using a
rectal thermocouple (Ellab A/S, Hvidovre, Denmark)
inserted to a depth of 12 cm past the anal sphincter.
Room temperature was 22.5°C = 0.4°C.

Thermal Comfort

We asked participants to rate their thermal comfort
using the scale from Gagge et all? and ranging from 1
(comfortable) to 5 (very uncomfortable). Participants were
required to rate their thermal comfort every 5 minutes
during leg immersion in warm water and immediately after
SSE. Similar methods of thermal comfort have been used
in previous research.18.19

Degree of Dehydratation

The volunteers, naked and having wiped themselves dry,
were weighed on an electronic scale (model TBF 300;
Tanita, Tokyo, Japan) before and after passive muscle
prewarming. The difference in weight reflected the amount
of fluid lost by the participant during leg immersion in
warm water. Volunteers were not allowed to urinate or
consume liquids between weight measurements.

Experimental Protocol

The experimental design with muscle prewarming is
shown in Figure 1. After we measured CK activity and
baseline temperature (muscle and rectal), the participant
was seated in the experimental chair, and muscle
contractile properties were recorded in the following
sequence: P20, P100 and MVCF (MVCF was reached 3

times, with the highest value used for evaluation). Then
the participant warmed up by running in place for
5 minutes with an intensity corresponding to a heart rate
of 130 to 150 beats per minute (approximately 70% of
maximum heart rate) and 10 squat-stands. Heart rate was
measured with a Polar recorder (model S625X; Polar
Electro, Kempele, Finland).

Then control jump height was established. Each
volunteer performed 3 to 5 jumps every 30 seconds, and
the best attempt was selected. Techniques and equipment
used for control jumps were the same as described in the
section on SSE. Participants in the W condition sat in a
44°C water bath for 45 minutes in waist-high water.
Thermal comfort was recorded every 5 minutes during
warming. Immediately after muscle warming, the needle
thermocouple was inserted and rectal temperature mea-
sured. Control jump height, P20, P100, and MVCF were
measured 1 to 3 minutes after muscle warming ended.
Then participants in condition W performed SSE (100
intermittent drop jumps). After 10, 50, and 100 drop
jumps, the volunteers were again seated in the experimental
chair for measurement of voluntary (2 MVCF attempts)
and electrically induced muscle contractions. Immediately
after SSE, muscle temperature, rectal temperature, and
thermal comfort were recorded. At 1, 4, 8, 24, 48, and
72 hours after SSE, voluntary and electrically induced
muscle contractions and control jump height were recorded
in the same sequence as before the load was applied.
Muscle soreness was determined at 24, 48, and 72 hours
after SSE. Creatine kinase activity was measured at 24 and
48 hours after SSE.

The experimental design without muscle prewarming
was the same except that the participants performed SSE
immediately after warm-up and pre-exercise measure-
ments.

Data and Statistical Analysis

A 2-way repeated-measures analysis of variance was
used to determine the effect of time (10 levels: before and
after 10, 50, and 100 drop jumps as well as during recovery
within 1, 4, 8, 24, 48, and 72 hours) and temperature (2
levels: with or without passive warming) on voluntary and
electrically evoked muscle performance. When effects were
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Table 1.

Pre-Exercise Values of Voluntary and Electric Stimulation-Induced Quadriceps Muscle Contractions (Mean = SD)

Knee Angle
135° 90°
Maximal Voluntary
Condition P20, N® P100, N° P20/P100 P20, N P100, N P20/P100  Contraction Force (N)

Without muscle warming

(control) 389.2 + 942 5887 + 107.2 0.67 = 0.08 274.7 = 21.1° 319.4 = 76.2° 0.88 = 0.11° 596.2 + 23.4
With muscle warming

Before warming 366.8 = 122.2 564.4 + 1221 0.67 = 0.08 264.4 + 29.4° 316.7 + 73.4° 0.87 + 0.08° 589.5 = 24.4

After warming 387.2 = 143.2 581.1 = 132.9 0.66 = 0.08 259.8 = 31.3° 336.8 = 73.4° 0.88 = 0.08° 568.1 = 37.1

& P20 indicates muscle contraction force evoked by stimulating the quadriceps muscle at 20-Hz frequency.
® P100 indicates muscle contraction force evoked by stimulating the quadriceps muscle at 100-Hz frequency.

¢ Indicates P < .05 between 90° and 135° knee angles.

found, we conducted paired comparisons between mea-
surements with a least significant difference correction. The
level of significance was set at .05.

RESULTS

Testing Muscle Function Before Stretch-
Shortening Exercise

We found no difference between the C and W conditions
in pre-exercise values of MVCF and muscle contraction
force evoked at different electric stimulation frequencies (P
> .05, Table 1). Still, in both conditions, muscle force
evoked by electric stimulation at 20 Hz and 100 Hz
frequencies at short muscle length was greater than at long
muscle length (LL) (P < .01, power > 99%).

Thermoregulatory Data and Thermal Comfort

Differences between pre-immersion and postimmersion
were seen in both rectal (37.3°C £ 0.32°C and 39.1°C =
0.31°C, respectively; P < .01, power = 99%) and muscle
(36.7°C = 0.3°C and 39.7°C = 0.3°C, respectively; P <
.001, power = 99%) temperature in the W condition.
Immediately after SSE in the C and W conditions, rectal
temperature was 37.8°C £ 0.4°C and 38.9°C = 0.3°C,
respectively (P < .05, power = 95%), and muscle
temperature was 37.5°C £ 0.4°C and 39.4°C = 0.4°C,
respectively (P < .05, power = 95%).

After leg immersion in warm water, participants rated
thermal comfort at 4.2 £ 0.5 points on the Gagge et all?
scale. Immediately after SSE, thermal comfort in the C and
W conditions decreased to 1.2 = 0.1 and 3.2 = 0.4 points,
respectively (P < .05, power = 95%).

During leg immersion in warm water, participants lost
0.93 = 0.3 kg, which constituted 1.17% * 0.4% of their
body mass. This change was not significant (P > .05).

Changes in Voluntary Muscle Performance

In the C condition, jump height before SSE was 40.2 =+
7.2 cm. In the W condition, jump height before warming
was 40.9 = 8.7 cm (P > .05). After warming, jump height
was 44.3 = 8.1 cm (postwarming versus prewarming: P <
.05, power = 24%).

The time courses of jump height and MVCF during and
after SSE in both the C and W conditions are shown in
Figures 2 and 3 (time effect: P < .001, temperature effect:

P < .001). In neither condition did MVCF recover to pre-
exercise level within 72 hours (C condition: P < .05, power
= 49%; W condition: P < .05, power = 45%). Secondary
decreases were noted in jump height and MVCF from 8 to
48 hours after SSE in the C condition but not in the W
condition (P > .05). Jump height and MVCF, however,
were different between the C and W conditions at 48 hours
after SSE (P < 0.05, power > 26%, and P < .05, power >
95%, respectively).

Changes in Electrically Induced Muscle Performance

Muscle contraction force induced by different electric
stimulation frequencies decreased immediately after SSE.
In addition, muscle force induced by low frequencies and
indicative of low-frequency fatigue decreased. Immediately
after SSE, low-frequency fatigue manifested more mark-
edly in short muscle lengths than in long muscle lengths (P
< .05, power = 87%; Figure 4). No difference was
observed in low-frequency fatigue registered during SSE
and throughout recovery in condition C or W.

Due to greater P100 reduction at short muscle lengths, the
ratio of P100 at long lengths to P100 at short lengths increased
immediately after SSE in the C condition (P < .01, power >
78%; Figure 5). The ratio from 1 to 48 hours remained higher
than the initial ratio (P < .05, power > 59%). No differences
were apparent, however, between the C and W conditions
from 1 to 72 hours after SSE (P > .05).

Creatine Kinase and Muscle Soreness

The CK activity in blood registered at 24 and 48 hours
after SSE was considerably smaller in the W than the C
condition (P < .05, power > 91%; Table 2). A similar
effect of leg immersion in warm water on muscle soreness
was observed at 24 and 48 hours after SSE, although it was
smaller in the W condition than in the C condition (P <
.05, power from 60% to 21%).

DISCUSSION

Our experiments were designed to test the hypothesis that
muscle warming before SSE reduces EIMD. Our main
findings are as follows: 1) muscle prewarming did not cause
any changes in jump height or MVCF during SSE, but
prewarming decreased the ratio of electrically induced muscle
force at 100 Hz at long versus short muscle lengths; 2) muscle
prewarming affected indirect markers of muscle damage
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Figure 2. Time course of changes in jump height during and after stretch-shortening exercise of 100 drop jumps every 30 seconds.
Measurements were taken after 10 (minute 5), 50 (minute 25), and 100 (minute 50) drop jumps and during recovery at 1, 4, 8, 24, 48, and
72 hours after performing 100 jumps. C indicates control condition without muscle prewarming; W, condition with muscle prewarming.
? Indicates P < .05 between pre-exercise (Pre) and postexercise levels; b p < .05 between C and W conditions.

(decreasing CK activity in blood and muscle soreness and
increasing MVCF and jump height) within 72 hours after
SSE; and 3) muscle prewarming did not bring about any
changes in the dynamics of low-frequency fatigue registered at
short or long muscle lengths within 72 hours after SSE.

To our knowledge, this is the first study devoted to
analyzing the effect of passive muscle prewarming via the
most frequently used indirect markers of muscle damage
(CK activity, muscle soreness, and prolonged impairment
in voluntary muscle performance) and to evaluating the

prolonged impairment of electrically evoked muscle force
at low and high frequencies in short and long muscle
lengths.

The main causes of changes in voluntary and electrically
induced muscle performance are related to EIMD. Our
results showed that passive muscle prewarming increased
jump height but did not bring about any changes in
MVCEF, P20, or P100 in short or long muscle lengths.
Davies and Young20 demonstrated that a mean muscle
temperature rise of 3.1°C was associated with decreases in
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Figure 3. Time course of changes in maximal voluntary contraction force (MVCF) during and after stretch-shortening exercise of 100 drop
jumps every 30 seconds. Measurements were taken after 10 (minute 5), 50 (minute 25), and 100 (minute 50) drop jumps and during
recovery at 1, 4, 8, 24, 48, and 72 hours after performing 100 jumps. C indicates control condition without muscle prewarming; W, condition
with muscle prewarming. ? Indicates P < .05 between pre-exercise (Pre) and postexercise levels; ® P < .05 between C and W conditions.
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Figure 4. Time course of changes in P20/P100 ratio at short muscle length during and after stretch-shortening exercise of 100 drop jumps
every 30 seconds. Measurements were taken after 10 (minute 5), 50 (minute 25), and 100 (minute 50) drop jumps and during recovery at 1,
4, 8, 24, 48, and 72 hours after performing 100 jumps. C indicates control condition without muscle prewarming; W, condition with muscle
prewarming. ? Indicates P < .05 between pre-exercise (Pre) and postexercise levels.

time to peak tension and half-relaxation time, but does not
affect tetanic tension at 20 Hz or 40 Hz or maximal
voluntary contraction force. The increase in jump height is
in accord with other findings!é that muscle contraction
capacity increases as muscle temperature increases. Thus,
after leg immersion in a warm water protocol analogous to
ours, Sargeant!6 noted muscle temperature of 39.3°C at a
3-cm depth and increases in peak power on an isokinetic
cycle ergometer (approximately 11%) and fatigue rate.
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Changes in both voluntary and -electrically evoked
muscle performance during SSE are not likely attributable
to an increase in the myoplasm of metabolites, such as
phosphate and hydrogen ions, because the jump duration
(0.5 to 0.55 seconds) was too short for adenosine triphos-
phate (ATP) and phosphocreatine to decrease, whereas the
resting period of 30 seconds was sufficient for ATP and
phosphocreatine to be restored.2! The causes of changes in
muscle performance when performing SSE are, therefore,
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Figure 5. Time course of changes in the ratio of P100 (muscle contraction force evoked by stimulating the quadriceps muscle at 100-Hz
frequency) at long to short muscle length during and after stretch-shortening exercise of 100 drop jumps every 30 seconds. Measurements
were taken after 10 (minute 5), 50 (minute 25), and 100 (minute 50) drop jumps and during recovery at 1, 4, 8, 24, 48, and 72 hours after
performing 100 jumps. C indicates control condition without muscle prewarming; W, condition with muscle prewarming. ? Indicates P < .05
between pre-exercise (Pre) and postexercise levels; ® p < .05 between conditions C and W.
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Table 2. Muscle Soreness and Creatine Kinase Activity Before and After Stretch-Shortening Exercise (Mean = SD)

Muscle Soreness (1 to 10-Point Scale)

Creatine Kinase Activity (IU-L™")

After Stretch-Shortening Exercise®

After Stretch-Shortening Exercise

Before Before
Condition Exercise 24 Hours 48 Hours 72 Hours Exercise 24 Hours 48 Hours
Without muscle warming (control) 0 52+14 45=+21 27+16 1553 =243 1313.0 = 665.0° 600.8 + 261.0°
With muscle warming (condition) 0 38+11° 31+09° 21=09 147.7+19.8 770.1 = 272.0°° 423.3 + 152.2°°

& Stretch-shortening exercise = 100 drop jumps.
® Indicates P < .05 between pre-exercise and postexercise levels.
¢ Indicates P < .05 between control and warming conditions.

associated with nonmetabolic factors, most likely related to
muscle damage.

After performing SSE in both the C and W conditions,
indirect markers of muscle damage manifested within 24 to
72 hours after the load with rises in muscle soreness and CK
activity (Table 2), and prolonged impairment of neuromus-
cular performance (jump height and MVCF; Figures 2 and
3). The main reasons for the decrease in jump height and
MVCF and increase in low-frequency fatigue were likely
related to damage to the force-bearing structures and the
excitation-contraction coupling system.2.22

Our results suggest that reductions in electrically evoked
muscle force after SSE depend on the muscle length at
which they were measured. Previous researchers22 studying
the knee extensors also found strength loss after exercise
depended on length. However, they measured voluntary
muscle force.

Fatigue increases with hyperthermia and may be caused
by a decline in voluntary activation of muscle (ie, central
fatigue).18.23-26 During passive elevation of core tempera-
ture to approximately 39.5°C, voluntary activation of knee
extensors decreased during maximal voluntary contrac-
tions lasting 10 seconds.!8 Therefore, we do not believe
that increased rectal temperature in our participants had an
essential effect on changes in jump height. As noted by
Cheung and Sleivert,23 force and activation are well
sustained during brief contractions. Also, Nybo and
Nielsen24 observed no initial decrease in voluntary
activation after exercise-induced hyperthermia, but activa-
tion decreased when the contraction was maintained over
the subsequent 120 seconds.

Muscle Warming Before Stretch-Shortening Exercise
Reduced Main Markers of Exercise-Induced
Muscle Damage

Leg immersion in warm water before SSE affected the
indirect markers of EIMD by reducing CK activity in the
blood and muscle soreness, and preventing prolonged
decreases in jump height and MVCF. The decrease in
muscle damage is likely due to muscle prewarming.
However, jump height and MVCF values were higher in
prewarming than in the C condition 48 hours after SSE.
This difference was minor at other time points, leading to
the assumption that less muscle damage does not
necessarily mean better performance.

Our results did not support the findings of Nosaka et al®
and Brock Symons et all0 that an increase in muscle
temperature due to passive warming before eccentric
exercise had no effect on changes in maximal isometric
force, muscle soreness, or plasma CK activity. Our data
showed a prewarming effect in decreasing EIMD. However,

differences may be due to variations in experimental
protocols, including muscles tested, prewarming treatment,
and exercise used to cause EIMD. Nosaka et al® and Brock
Symons et all0 used eccentric exercise, whereas we used
intermittent drop jumps with countermovements, immedi-
ately followed by maximal vertical jumps.

Our results support conclusions of other authors that
passive prewarming is effective in reducing EIMD.27
Although the mechanisms of this phenomenon are unclear,
passive prewarming may increase the extensibility of the
musculotendinous unit, decrease muscle viscosity and
smooth contractions, thereby reducing susceptibility to
strain injury. All these factors may have reduced muscle
stress in the W condition.

Another possible explanation requiring further study is
the release of heat shock proteins. Hyperthermia or
exercise increases heat shock proteins in skeletal muscle,
which may protect the muscle from further damage.28
Unfortunately, we were not able to analyze heat shock
proteins in our study.

It is rather unusual that prewarming caused no changes in
the time course of muscle force induced by different
stimulation frequencies at different muscle lengths during
and after SSE. However, muscle prewarming resulted in a
decrease in the long to short muscle length ratio of P 100
during SSE (Figure 5). This finding reflects the damage
muscles were subjected to during SSE. One indicator of
muscle damage immediately after eccentric exercise is a shift
toward longer muscle lengths in the muscle length—tension
relationship.2 The popping sarcomere hypothesis of muscle
damage suggests that the muscle length-tension relationship
undergoes a shift to the right, toward longer muscle length,
after eccentric exercise.2 Still, it is rather strange that this
phenomenon disappeared soon after SSE (Figure 5).

Our results showed that prewarming had no effect on the
dynamics of low-frequency fatigue registered at either long
or short muscle lengths during and within 72 hours after
SSE (Figure 4). We have not identified any research
devoted to the effect of prewarming on the dynamics of
low-frequency fatigue, which is characterized by a relative
loss of force at low frequencies; it is important to mention
that the force is not impaired or is only mildly impaired at
high frequencies.!13.29 Although the underlying mechanism
is unknown, metabolite build-up, elevation of intracellular
calcium, and mechanical damage to the muscle have been
suggested to play a role in the development of low-
frequency fatigue.29

CONCLUSIONS

Leg immersion in warm water before SSE decreased the
manifestation of indirect markers of muscle damage
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during, immediately after, and within 72 hours after SSE.
Still, muscle prewarming did not cause any changes in the
dynamics of low-frequency fatigue for either long or short
muscle lengths. The clinical application of muscle pre-
warming is limited, as reducing the damage does not
necessarily lead to improved voluntary performance.
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