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ABSTRACT

Gutiérrez-Vargas, R, Martı́n-Rodrı́guez, S, Sánchez-Ureña, B,

Rodrı́guez-Montero, A, Salas-Cabrera, J, Gutiérrez-Vargas,

JC, Simunic, B, and Rojas-Valverde, D. Biochemical and mus-

cle mechanical postmarathon changes in hot and humid

conditions. J Strength Cond Res 34(3): 847–856, 2020—The

aim of this study was to compare biochemical changes and

mechanical changes in the lower-limb muscles before and after

a marathon race in hot and humid conditions. Eighteen healthy

runners participated in a marathon at between 28 and 348 C and

81% humidity in Costa Rica. Serum magnesium (Mg2+), creatine

phosphokinase (CPK), lactate dehydrogenase, and hematocrit

(HCT) were measured before and after the marathon. Tensio-

myography measurements from the rectus femoris (RF) and

vastus medialis, muscle displacement (Dm), contraction time

(Tc), and velocities of contraction to 10 and 90% of Dm (V10

and V90) were obtained before and after the marathon. Postrace

measurements showed a 544% increase in CPK (t(17):

26.925, p , 0.01), a 16% increase in HCT (t(17): 27.466,

p , 0.01), a 29% decrease in Mg2+ (t(17): 3.91, p = 0.001),

a 2% decrease in body mass (t(17): 4.162, p = 0.001), a 4%

increase in Tc of the RF (t(17): 22.588, p = 0.019), and a 12%

increase in Dm of the RF (t(17): 22.131, p , 0.048) compared

with prerace measurements. No significant biochemical or

mechanical differences were found between runners in terms

of their finish times. These findings showed that completing

a marathon in hot and humid conditions induced a significant

reduction in lower-limb muscle stiffness, body mass, and Mg2+,

and increased neuromuscular fatigue, CPK, and HCT, because

of muscle damage and dehydration. Knowledge of the effects of

heat and humidity may be of value for coaches and sports med-

icine practitioners in developing effective hydration and recovery

protocols for marathon runners in these special conditions.

KEY WORDS creatine phosphokinase, neuromuscular fatigue,

tensiomyography, exercise

INTRODUCTION

E
ndurance performance, such as long-distance
marathon running, is impaired in conditions of
high temperature and humidity, which may com-
promise performance and lead to the premature

onset of fatigue (24). Long-distance marathon races can lead
to alterations in the skeletal muscle fibers that affect their
mechanical properties and performance capabilities through
the repeated and prolonged use (30,33), which may deteri-
orate further from the effects of heat and dehydration. Dur-
ing exercise-induced hyperthermia, multifactorial effects on
endurance performance include reduced central drive (38),
perturbations in neurotransmitter systems (48), increased
central nervous system temperature (37), and dehydration
(44), which are all responsible for the onset of central and
peripheral fatigue. Given that the optimal temperature for
running a marathon is between 10 and 128 C (26), the alter-
ations associated with exercise-induced hyperthermia may
produce a decrease in sports performance and alterations at
the neuromuscular and biochemical levels when a marathon
is held under high thermal stress conditions.

Previous studies have shown that long-distance races are
associated with a reduction in muscle function and muscle
damage because of reduced serum magnesium (Mg2+) levels
(4,39). Because of the role of Mg2+ in oxygen uptake, mito-
chondrial activity, and ATP production (35), reduced Mg2+

levels could lead to reduced muscle strength, muscle cramps,
and muscle fiber damage during exercise (23) and to an
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increase in serum levels of markers of muscle damage,
including creatine kinase, creatine phosphokinase (CPK),
and lactate dehydrogenase (LDH) (18,36,46). Also, long-
distance races can be associated with dehydration and an
increase in hematocrit (HCT) (21,49). Although intensive
short-term exercise commonly leads to hemoconcentration,
long-term exercise can induce both hemodilution (9,41) and
hemoconcentration because of the effects of dehydration
(7,9,41,49). Although much of the data regarding biochem-
ical changes and mechanical changes in the lower-limb
muscles before and after a marathon race has been derived
from optimum environmental conditions, between 10 and
128 C, few studies have been undertaken to analyze the bio-
chemical changes, including levels of Mg2+, CPK, LDH, and
HCT, associated with muscle damage and dehydration after
marathon races in conditions of heat and humidity in
healthy subjects (6,42).

In previous studies, neuromuscular fatigue has been
evaluated by monitoring changes in static or dynamic force,
or by means of electromyography (EMG) or mechano-
myography (MMG). The methods of EMG and MMG
often entail complex signal processing and data interpreta-
tion, and measuring several muscles with these methods can
be difficult and time-consuming. Tensiomyography (TMG)
is a reliable and noninvasive MMG method by which
localized muscle fatigue can be easily detected in real time
without postprocessing signal analysis (25). Previously pub-
lished studies have shown that TMG can assess muscle
fatigue using reliable parameters that include muscle dis-
placement (Dm) and velocities of contraction to achieve
10% and 90% decrease in Dm (V10 and V90) (16,10), whereas
contraction time (Tc) in muscle fatigue may increase (14,16).
Using TMG, V10 and V90 have been shown to be correlated
with decreased maximal voluntary contraction of skeletal
muscle (r = 0.64–0.67) (10). Decreased Dm, V10–90, and
increased Tc have been explained by a reduced efficiency
of the excitation-contraction coupling, impairment in
membrane-conducting properties, and damage to cellular
structures (16,10). However, TMG markers of muscle fatigue
have shown some conflicting results when assessed after
a 226-km ultraendurance triathlon (13) and a 43-km uphill
marathon (14), which showed an increase in Tc but also in
Dm. These results have been proposed to be due to
enhanced postactivation potentiation, which may counteract
fatigue during endurance exercise, affecting the behavior of
the muscle fibers, including reduced stiffness as a possible
mechanism responsible for the increase in Dm after strenu-
ous exercise (14). These views are supported by studies that
have shown a negative correlation between the decrease in
muscle mass (after disuse) and the increase in Dm, which is
indicative of a lower-muscle resting tension because of mus-
cle atrophy and to changes in the viscoelastic properties of
intramuscular and tendon connective tissue (12,40). Morgan
et al. (32) proposed a system that assumed that the series
elastic component of the muscle-tendon complex was

modeled as 2 springs connected in series, one representing
the compliance of a torque-dependent component (muscle),
and the other a torque-independent component (tendon). In
this regard, the changes in Dm are relative to the torque-
dependent component, the muscle, which is also known as
“active stiffness” (22).

Previously published studies have shown that low stiffness
(high Dm) allows for extreme joint motion leading to soft-
tissue injury (15,50). However, contrary study findings have
shown that high muscle stiffness (low Dm) is a positive
factor for sports performance because higher rates of stiffness
allow for maximum force and a higher rate of force devel-
opment, allowing for muscle to operate closer to the end of
the curve of the force-velocity relationship (27). Therefore,
at this time, these results remain controversial, and despite
the importance of the topic, only a limited number of pre-
vious studies have examined fatigue and stiffness using TMG
in long-distance races such as marathons (13,14). Further
studies are necessary to understand the neuromuscular
alterations, assessed with TMG, after this type of popular
competitive sporting event. To the best of our knowledge,
very few studies have analyzed biochemical changes and
mechanical changes in the lower-limb muscles before and
after a marathon race in hot and humid conditions, in con-
trast to the same event performed under optimum temper-
ature conditions of between 10 and 128 C (26).

Therefore, the primary aim of this study was to compare
biochemical changes and mechanical changes in the lower-
limb muscles before and after a marathon race in hot and
humid conditions. The secondary aim was to examine
whether the alterations in the biochemical and mechanical
markers were different between fast and slow runners. Based
on the review of previously published studies, the biochem-
ical markers chosen for this study included CPK, LDH, and
Mg2+, and the mechanical markers chosen for TMG
included Dm, Tc, and V10 and V90.

METHODS

Experimental Approach to the Problem

Prerace or basal (BS) and postrace (PR) biochemical
measurements, included CPK, LDH, magnesium (Mg2+),
and HCT. Neuromuscular measurements from TMG,
included muscle displacement (Dm), contraction time (Tc),
and velocities of contraction to achieve 10% and 90%
decrease in Dm (V10 and V90). Measurements were performed
in isolated rooms with an average temperature of 21.1 6 0.368
C. Athletes received no intense stimulus or sports workload
during the tapering period and at least 24 hours prior the
evaluations. The marathon was of 42,195 m and was certified
by the International Association of Athletics Federations and
the Association of International Marathons and Distance
Races. The starting time of the marathon began at 5:00 AM,
in Tamarindo, Guanacaste, Costa Rica, at sea level. The altim-
etry range of the course was between 0 and 80 m, with a return
point at half-marathon. The thermal stress index registered was
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28.34 6 3.278 C and 81% humidity from 5.00 AM to the end of
the event at 11.00 AM, according to the WetBulb Globe Tem-
perature (WBGT) (Figure 1).

Subjects

Eighteen healthy Costa Rican male (n = 11) and female (n = 7)
runners were voluntarily enrolled in this study who were
participants in the Tamarindo Beach Marathon, with a mean
age of 35.66 6.9 years (range 19–47 years), mean body mass
of 67.4 6 11.9 kg, mean height of 168.9 6 10.4 cm, mean
body fat of 20.9 6 7.5%, mean maximal oxygen uptake
(V_ O2max) of 52.66 7 ml O2$(kg$min21), mean lean leg mass
of 176 4.2 kg, and mean finish time of 4 hours 186 35.6 mi-
nutes (expressed as mean 6 SD). The participants were
grouped using the mean of the marathon’s finish time in
the slow group (SG) (n = 9) (4 women and 5 men) and
the fast group (FG) (n = 9) (3 women and 9 men). The mean
SG finish time of 4 hours 57 6 25.6 minutes vs. the mean
FG finish time of 4 hours and 2 6 37.2 minutes was signifi-
cantly different (t = 2.259) (p = 0.038).

The experimental protocol was approved by the Health
and Human Movement Master Degree Review Committee
of the National University, Costa Rica. All the participants
were informed of the details of the experimental procedures
and the associated risks and discomforts. Each subject gave
written informed consent, according to the criteria of the
Declaration of Helsinki, regarding biomedical research

involving human subjects (18th Medical Assembly, 1964,
revised in 2013 in Fortaleza). The participants were recruited
among heat-acclimatized and experienced ultraendurance
runners, with a mean of 9 6 6.6 years of ultraendurance
running race experience, and a mean of 43.2 6 6.6 km$wk21

of running training. All study participants were asked to
complete a questionnaire on physical exercise activity, med-
ical history, and lifestyle. Participants who reported any mus-
cular or metabolic diseases or recent physical injury of the
lower limbs were excluded from the study.

Procedures

Participants were asked to attend the laboratory for individ-
ual measurements and to perform a graded exercise test on
a treadmill to assess their V_ O2max. The characterization of
the participants was performed using body mass (0.1-kg sen-
sitivity) using an Elite Series BC554, Tanita-Ironman. Height
was measured using a wall-measuring rod. Body composi-
tion was measured by dual x-ray absorptiometry with an
accuracy of 63% using and enCORE 2011 (General Elec-
tric) and software version 13.6. The V_ O2max was obtained
using a gas analyzer (VO 2000, MedGraphics) and Breeze-
Suite software, and an incremental intensity protocol for the
use of the treadmill that included a 3-minute warm-up,
increasing rate of 1 km$h21 increasing every 3 minutes until
volitional fatigue. The gas analyzer had an accuracy of 63%
on absolute volume.

Figure 1. Variations of the WetBulb Globe Temperature (WBGT) during the marathon race. ACSM = American College of Sports Medicine.
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Running Kinematics, Heart Rate, and Thermal Variables During
the Race. To measure time-motion variables, including
average speed (km$h21) and impact (g-forces) during the
race, an 18-satellite global positioning system (GPS) (SP
PRO X II GPSports) was used for tracking the runners,
working at a sampling frequency of 15 Hz, and used to
analyze the total marathon distance (0–40 km). The manu-
facturer software V2.5.4 firmware AMS Team (GPSports,
Canberra, Australia) was used for data analysis. The devices
were coupled with a cervical-mounted 100-Hz triaxial accel-
erometer that allowed for the estimation of body impact,
which recorded all accelerations and decelerations above
32g forces during running. Impacts were recorded as the
total impact during a lap of 0–40 km.

Eighteen heart rate (HR) monitors were used to analyze
total HR response in beats per minute (b$min21). Global
positioning system and HR data were analyzed in 4 laps of
the race: lap 1, 0–10 km; lap 2, 11–20 km; lap 3, 21–30 km;
and lap 4, 31–40 km. The GPS and HR devices were
attached to the participants and activated 15 minutes before
the beginning of the race, according to the manufacturer’s
guidelines. For the assessment of the WBGT thermal stress
index, a heat stress monitor (QuestTemp 36, 3M) was used.
The equipment was calibrated according to the manu-
facturer’s instructions and placed on a tripod 50 m from the
finish line and 30 minutes before the start of the event.
Measurements were taken through the whole event.

Serum Assessment. One hour before the race, 9 ml of blood was
drawn from an antecubital vein from all study participants
directly into vacutainer tubes (Becton Dickinson, USA)
containing EDTA for serum separation and immediately
stored on ice for basal blood sample assessment. Postrace,
9-ml blood samples were obtained in the medical area within
10 minutes of completion of the race. After all participants

had their BS and PR measure-
ments, further studies were
immediately performed by
a researcher in a controlled
room. An enzymatic method
was used for the measurement
of serum levels of CPK (IU/L),
Mg2+ (mg$dl21), and LDH
(IU/L) using a semiauto-
matic biochemical analyzer
(RT-1904C, Rayto). All proce-
dures were performed under
the relevant protocols for the
handling and disposal of biolog-
ical materials, according to the
manufacturer’s instructions for
the equipment and reagents
used.

Hematocrit. An analogical mi-
crohematocrit centrifuge was used with 24 capillary tubes
(KHT-400, GEMMY Industrial Corp., Taipei, Taiwan)
minutes before and after the marathon. Blood samples were
stored in heparinized capillary tubes, with the ends of the
capillaries sealed with modeling clay.

Neuromuscular Assessment. Tensiomyography was used to
assess neuromuscular alterations of the rectus femoris (RF)
knee extensor and hip flexor, and vastus medialis (VM) knee
extensor muscle, in both legs. These muscles were selected
because of their fundamental role in specific running
kinematics, control, and stabilization (31). Both BS and PR
measurements were taken 30 minutes before and after the
race.

During TMG assessment, participants were asked to
remain relaxed. For RF and VM assessment, the participants
were placed in a supine position, a cushioned pad used to fix
the knee at 308 of flexion. The TMG measurements were
taken by 1 experienced researcher. The participants were
asked to remain in a resting position for 5 minutes. After
the rest period, the skin of the leg was shaved, and the area
was cleaned with ethyl alcohol pads. Two 5 3 5-cm
adhesive electrodes were used during TMG (TheraTrode,
TheraSigma, CA, USA) with an interelectrode distance of
3 cm and placed in the respective muscle. The measurement
point was set at the area of maximal muscle mass of each
muscle, which was established visually and on palpation of
the muscle during a voluntary contraction. The electrodes
were connected to a TMG-S2 stimulator (EMF-Furlan &
Co. d.o.o., Ljubljana, Slovenia) that triggered a quadrangular,
monophasic, 1-millisecond pulse duration, and amplitude
between 0.1 and 100 mA.

A digital displacement transducer (GK 40; Panoptik d.o.o.,
Ljubljana, Slovenia) was positioned perpendicular to
the previously established measurement points of the

TABLE 1. Premarathon test and postmarathon test results for biochemical blood
markers, including creatine phosphokinase (CPK), lactate dehydrogenase
(LDH), magnesium (Mg2+), the HCT, and body mass.

Variable Pre Post T p d D%

CPK (IU/L) 188.8 6 127.2 1,215.5 6 694 26.925 ,0.01* 21.63,
large

544

LDH (IU/L) 389.5 6 104.3 435.3 6 112.6 21.512 0.149 20.36,
small

12

Mg2+ (mg/
dl)

0.9 6 0.1 0.7 6 0.01 3.91 0.001* 0.92,
large

229

Hematocrit
(%)

41.7 6 3.1 48.5 6 4.2 7.466 ,0.01* 21.76,
large

16

Body mass
(kg)

67.4 6 11.9 66.4 6 11.5 4.162 0.001* 0.98,
large

22

*p , 0.01.
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muscle belly, with an initial constant spring, as previously
described (10). The measurement protocol began with
triggering a 40-mA electrical stimulus to induce muscle
contraction. The electrical stimulus was increased by
20 mA until the maximal Dm was obtained. Each elec-
trical stimulus was separated by a 10-second rest to avoid
fatigue or post-tetanic activation (11). The maximal TMG
response was selected and saved for further analysis.
From TMG measurements, the following parameters
were obtained: Tc (in ms), Dm (in mm), and the muscle
contraction velocities from the onset of electrical stimu-
lation until it reached 10% (V10) and 90% (V90) of Dm,
expressed in mm$s21, obtained by the formula developed
in 2015 by de Paula Simola et al. (10). All TMG variables
used had previously demonstrated a high intraclass cor-
relation coefficient (0.86–0.98), as described in previous
studies (10,11).

Statistical Analyses

Descriptive statistics were implemented through the mean
(M) and their respective 6SD. The normality of the data of

each of the variables was evaluated using the Shapiro-Wilk

test and the Levene test for homogeneity of variance, Box’s
M test and Mauchly’s sphericity test for the homogeneity of

the covariance matrices of the dependent variables. Data
from CPK, Mg2+, LDH, and TMG measurements were ana-

lyzed using a repeated-measures t-test to compare prerace
and PR data, and subjected to a speed group analysis 2

variable-mixed general linear model (GLM) with a statistical

significance level set at p # 0.05.
The degree of differences from the independent-samples

t-test was analyzed using Cohen’s d, which was deter-

mined by calculating the mean difference between the 2
groups, and dividing the result by the pooled SD, catego-

rized as follows: d = 0.2 was small, d = 0.5 was moderate,

TABLE 2. Premarathon test and postmarathon test results for body mass and biochemical blood markers by speed
group, including creatine phosphokinase (CPK), lactate dehydrogenase (LDH), magnesium (Mg2+), the hematocrit
(HCT), and body mass.

Variable

Slow group Fast group

F p v2
p , ratingPre Post Pre Post

CPK (IU/L) 217.4 6 172.9 1,336.2 6 815.4 160.2 6 51.6 1,094.8 6 571 0.372 0.551 20.02, small
LDH (IU/L) 409.5 6 135.2 461.2 6 146.1 369.5 6 62.8 409.4 6 63.8 0.036 0.852 20.03, small
Magnesium2+ (mg$dl21) 0.85 6 0.08 0.76 6 0.09 0.99 6 0.17 0.74 6 0.1 3.65 0.074 0.07, small
Hematocrit (%) 41 6 2.6 48.1 6 5.5 42.4 6 3.6 49 6 2.7 0.667 0.085 20.01, small
Body mass (kg) 65.6 6 10.6 64.6 6 9.5 69.2 6 13.5 68.2 6 13.5 0.053 0.821 20.03, small

TABLE 3. Premarathon test and postmarathon test results for the rectus femoris (RF) and vastus medialis (VM)
tensiomyography (TMG) values.*

Muscle TMG

Whole group

t p d, rating D%Pre Post

Rectus femoris Tc (ms) 27.9 6 3 28.9 6 2.6 22.588 0.019† 20.6, moderate 4
Dm (mm) 8.7 6 2.2 9.7 6 2.1 22.131 0.048† 20.5, moderate 12

V10 (mm$s21) 37.3 6 9.1 40.6 6 8.3 21.699 0.108 20.4, small 9
V90 (mm$s21) 153.4 6 36.1 165.68 6 33.04 21.615 0.125 20.38, small 8

Vastus medialis Tc (ms) 23.3 6 1.7 23.6 6 1.9 0.788 0.441 0.19, small 1
Dm (mm) 7.4 6 1.2 7.7 6 1.8 20.644 0.528 0.15, small 4

V10 (mm$s21) 32.1 6 11.2 35.9 6 7.3 21.314 0.206 20.3, small 12
V90 (mm$s21) 138.1 6 42.5 153.6 6 31 21.348 0.195 20.32, small 11

*Tc = contraction time; Dm = muscle displacement, V10 = velocity of contraction to 10% of Dm; V90 = velocity of contraction to
90% of Dm.

†p , 0.05.
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and d = 0.8 was a large effect size. The magnitudes of the
differences for GLM were analyzed using the omega-
squared formula (v2

p) and qualitatively categorized as fol-
low: v2

p = 0.01 as a small effect, v2
p = 0.06 as a moderate

effect, and v2
p = 0.15 as a large effect size (Cohen, 1977). A

2-step multiple linear regression was performed using Tc
and Dm as independent variables; CPK, Mg2+, LDH and
HCTas predictors The Pearson correlation coefficient was
used to correlate the relationships between the analyzed
variables. Changes were presented in percentage of change
(D%). Analysis of data was performed using the Statistical
Package for the Social Sciences (SPSS) version 22.0 (IBM,
Chicago, IL, USA).

RESULTS

There was a significantly increased CPK (544%), HCT
(16%), and a significantly reduced magnesium (Mg2+)
(229%), and body mass (22%) at the end of the marathon
(PR), compared with the beginning of the marathon (before
race), in the 18 Costa Rican male (n = 11) and female (n = 7)
runners (Table 1).

No significant differences in biochemical markers and
body mass by speed group (time to complete the marathon)
were found (Table 2).

From the TMG data analysis, there was a significantly
increased muscle displacement (Dm) (12%) and contraction time
(Tc) (4%) of the RF postrace compared with prerace (Table 3).

TABLE 4. Premarathon test and postmarathon test results for rectus femoris (RF) and vastus medialis (VM)
tensiomyography (TMG) by speed group.*

Muscle TMG

Slow group Fast group

F p v2
p , ratingPre Post Pre Post

Rectus femoris Tc (ms) 26.6 6 2 28.3 6 2.5 29.1 6 3.3 29.6 6 2.8 2.5 0.113 0.04, small
Dm (mm) 8.2 6 2.1 8.8 6 2.1 9.2 6 2.2 10.7 6 1.7 1.021 0.327 0, small

V10 (mm$s21) 35.6 6 10 36.6 6 8.9 39 6 8.3 44.6 6 5.45 1.459 0.245 0.01, small
V90 (mm$s21) 148.4 6 37.9 151.2 6 33.9 158.5 6 35.8 180.2 6 26.4 1.6 0.224 0.02, small

Vastus medialis Tc (ms) 23.8 6 1.2 24 6 0.9 22.8 6 1.6 23.1 6 2.5 0 0.985 20.03, small
Dm (mm) 7.3 6 1.4 7.1 6 1.5 7.6 6 1 8.3 6 1.9 1.796 0.199 0.02, small

V10 (mm$s21) 31.4 6 11.8 33.74 6 7.1 32.7 6 11.2 38.7 6 7.1 0.536 0.457 20.01, small
V90 (mm$s21) 134.1 6 45.1 140 6 29.1 142.2 6 42.2 167.2 6 28 0.677 0.423 20.01, small

*Tc = contraction time; Dm = muscle displacement, V10 = velocity of contraction to 10% of Dm; V90 = velocity of contraction to
90% of Dm.

TABLE 5. Mean heart rate (HR), mean speed, and total impact.

Variable Lap Slow group Fast group t p d, rating

Impact (g force) 0–10k 1,302.7 6 1,542 3,022.4 6 2,967.7 21.543 0.142 20.36, small
11–20k 1,496.7 6 1829.4 3,415.4 6 3,192.5 21.564 0.137 20.37, small
21–30k 989.2 6 1,535.3 3,787.5 6 3,144.5 22.399 0.029* 20.57, small
31–40k 556.7 6 756.5 4,261.5 6 3,090.4 23.49 0.003† 20.82, small
0–40k 4,345.2 6 5,035 14,486.8 6 11,788.7 22.373 0.030† 20.56, small

Heart rate (b$min21) 0–10k 162.6 6 12.4 158 6 4.9 1.046 0.311 0.25, small
11–20k 164.2 6 14.3 162.8 6 4.2 0.298 0.770 0.07, small
21–30k 159.9 6 18.8 165.8 6 5.1 0.899 0.382 0.09, small
31–40k 152.5 6 17.8 163 6 9 21.581 0.133 0.03, small
0–40k 159.8 6 14.8 162.4 6 4.9 20.493 0.629 20.12, small

Speed (km$h21) 0–10k 10.6 6 0.9 12 6 1.3 22.640 0.018* 20.62; small
11–20k 10.7 6 0.9 12.2 6 1.3 22.997 ,0.01† 20.71; small
21–30k 9 6 1 11.7 6 1.5 4.559 ,0.01† 21.07; small
31–40k 7.8 6 0.9 10.4 6 1.5 24.547 ,0.01† 21.07; small
0–40k 9.5 6 0.5 11.6 6 1.3 24.000 ,0.01† 21.09; small

*p , 0.05.
†p , 0.01.
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There were no significant differences in the RF or VM by
speed group postrace compared with prerace (Table 4).

There were significant differences by speed group in
impacts suffered between 21 and 40 km during the second
half of the marathon. An inverse correlation was found
between V_ O2max and race time (r = 20.629, p = 0.005).
Also, a linear correlation between the D% of Tc in RF and
CPK (r = 0.482, p = 0.043) was shown. There was a linear
correlation between the speed and total impacts (r = 0.56,
p = 0.016) and between V_ O2max and total impacts (r = 0.74,
p, 0.01). Also, D% of Tc in RF was explained by D% CPK of
23.2% (b = 0.482, p = 0.043) (Table 5).

DISCUSSION

This study examined the mechanical and biochemical
changes in the lower-limb muscles before and after a mara-
thon race in hot and humid conditions in 18 healthy
subjects. Tensiomyography measurements were used in this
study. The hypothesis that drove this study was that
a marathon in hot and humid conditions could lead to
mechanical changes, including increased muscle displace-
ment (Dm), decreased contraction time (Tc), and decreased
velocities of contraction to 10 and 90% of Dm (V10 and V90).
However, the findings of the study showed that Tc and Dm
significantly increased in the RF muscle of the whole group
and the speed group after the race, whereas for the prerace
and PR V10 and V90, a small effect was observed. The same
small effect was observed in all TMG parameters of the VM.

Also, the findings of this study showed, contrary to the
original study hypothesis, that the fastest runners would
show smaller alterations in both biochemical and mechan-
ical markers when compared with the slowest, the results
showed no significant differences between both speed
groups. However, supported by previously published studies
(4,19), there were also significant differences in the serum
levels of biochemical markers in the prerace group com-
pared with the PR group, including a significant increase
in CPK, but not in LDH (small effect), and a significant
decrease in serum magnesium (Mg2+) levels in all groups,
regardless of speed group. These findings are supported by
previously published studies, which have shown both alter-
ations in the neuromuscular and biochemical profile after
marathon races conducted in optimal environmental condi-
tions (4,14,19). Results derived from body mass measure-
ment showed a reduction in PR participants. There was
also a significant increase in HCT at the end of the mara-
thon, which indicated dehydration, which is commonly re-
ported in this type of event and with similar environmental
conditions of heat and humidity (6,42).

Exercise hyperthermia is known to produce dehydration
and alterations in biochemical markers, including CPK,
LDH, and Mg2+ (6,23,42). Some previously published stud-
ies have reported a 5–10% increase in HCT after marathons
conducted in environments with temperatures ranging
between 10 and 15º C (7,18,49), which indicates a loss in

plasma volume. This increase in HCTcan be exacerbated in
hot-humid conditions, as there is a close relationship
between the loss of electrolytes through sweating and the
increase in body temperature (29). In this study, a 16.3%
increase in HCTwas found (Table 1), together with a signif-
icant loss in body mass loss (22%) (Table 1). These results
differ from those found by previous authors (7,49), who
showed that and increase in HCT of between 5 and 10%,
which could be explained by the high thermal stress that
produces an increase in fluid and electrolyte loss in the form
of sweat (49).

In addition, marathon running in hot-humid conditions is
known to produce increased muscle damage because of the
high rates of excessive muscular contractions (2). The find-
ings of this study are supported by those of previously pub-
lished studies of long-distance races, which have shown
increased levels of PR CPK and LHD (up to 420% and up
to 50%, respectively) (18,36,46), and reduced levels of Mg2+

(by up to 12%) (21,49). However, in this study, the PR
increase in CPK increased by 543.8% (Table 1), and the
decrease in Mg2+ was 228.6% (Table 1), which are greater
than those reported in studies conducted in optimal temper-
ature environments (21,46,49). Also, the findings of this
study showed a nonsignificant increase of 11.8% in LDH,
which was lower than reported previous studies with similar
race distances (18). The findings of this study indicate that
the greater the thermal stress, the greater the biochemical
alterations in long-distance races when compared with the
previously published literature.

The TMG results in this study were similar with those
observed in previous studies, which showed an overall
deterioration in the neural response (increased Tc) and a loss
in muscle stiffness (increased Dm) (13,14). In this regard,
some investigations have indicated that increases in Dm
amplitude are due to velocity-related decreases in muscle
stiffness, which allows for greater muscle fiber oscillations
(12,40). A recently published study (1) has shown that de-
creases in stiffness resulting from quadriceps overuse during
long-distance running may have been responsible for the
development of inflammation and muscle swelling. In this
previously published study (1), prolonged low-intensity ex-
ercises induced changes in quadriceps muscle stiffness, as
observed in this study through increase found in Dm. In
terms of muscle damage, this study observed a high PR
increase of CPK (+543.8%) (Table 1), but there was no sig-
nificant correlation between increased CPK and Dm in the
RF or in the VM.

However, in this study, a significant relationship was
found between increased CPK and Tc in the RF. Increased
Dm or loss of muscle stiffness was found only in the RF
(12%), but a similar, if nonsignificant, trend was also found in
the VM (4%). Differences in these findings could not be
explained by differences in muscle composition, as anatom-
ical studies in men have demonstrated that both muscles, the
RF and VM, have similar fiber composition of 46.9% type I
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and 53.1 type II fibers in the RF, and. 43.7% type I and 56.3%
type II fibers in the VM (17).

It is possible that there are different patterns of muscle
utilization in the RFand VM during running (34). Sloniger et al
(45). found a 25% increase in RF muscle volume activation
during running compared with the VM muscles, with no dif-
ferences in activation intensity, which was lowest for RF and
VM muscles among 13 muscles studied. This previous finding
indicates a higher proportion of slow-twitch motor unit utili-
zation of the RF during running, resulting in a longer Tc and
higher Dm because of postactivation potentiation of fast-
twitch motor units. As a result, the VM only participates in
the running mechanics during the swing phase, to extend the
knee, whereas the RF participates both in the stance and swing
phase to provide mechanical support and impulse (take-off )
roles during rear foot contact, and to synergize with the flexion
of muscles of the hip joint. The above findings might explain
the increased contribution of the RF compared with the VM
because of their different roles on running mechanics, which
would also explain the differences in muscle deterioration,
higher levels of fatigue, and lower stiffness. Although it is
known that long-distance races induce additional quadriceps
muscle contractions that generate large amounts of mechani-
cal strain leading to muscle damage (18) and neuromuscular
functional impairment (30), the results of this study might
indicate that not all quadriceps muscles tolerate the extent of
strain in the same way, as the muscular properties of the RF
were significantly more affected.

In terms of the changes in muscle contraction velocity
(V10–V90), the ratio between Dm, Tc, and Td (delay time),
the results of this study showed a consistent, but nonsignif-
icant, increase PR in RF V10 (+8.8%), RF V90 (+8%), VM V10

(+11.8%), and VM V90 (+11.2%), supporting the Tc and Dm
alterations. However, because of intrasubject variations in SD
and low study number (N), these findings could not be sta-
tistically confirmed. The higher values of V10 and V90 indi-
cated that the ability of both muscles, the RF and VM, to
contract rapidly was diminished because of the great mus-
cular effort that this type of long-distance event demands,
which is a finding previously reported by Garcı́a-Manso (13).
It has previously been demonstrated that the following
fatigue caused by extensive excessive muscular activity, as
occurs in a marathon, the degree of muscle stiffening is
notably reduced (13), which would result in reduced veloc-
ities of contraction, or increased V10 and V90. To explain this
finding, some previous investigators (3,20) have suggested
that the excess of laxity in the myotendinous tissues, because
of decreased stiffness, causes difficulties in the return of the
elastic energy, which limits performance by decreasing the
force-generation capacity of the muscles, thus reducing con-
traction velocity, increasing V10 and V90, and increasing Dm.
In the 1990s, Metzger and Moss (28) showed that during
reduced pH, mammalian fast-twitch and slow-twitch
skinned skeletal muscle fibers resulted in reduction of muscle
tension (35 6 7%) and stiffness (12 6 4%).

Although pH was not analyzed in this study, it has been
previously confirmed by multiple studies that pH decreases
after a marathon, and so, it can be suggested that reduced
pH due to fatigue decreases the force-generation capacity,
passive muscle tension, and stiffness (28). The suggested
mechanism by which muscle tension and stiffness decrease
was previously suggested to be due to low pH, which
reduces the apparent number of cross-bridge attachments
during maximal Ca2+ activation in fast-twitch but not
slow-twitch fibers that account for the greater pH
(+)-induced depression of maximum force in fast-twitch fi-
bers (28). Also, the decrease of the force-generation capacity
after long-distance races has been commonly quantified
though the countermovement jump test, which has shown
a significant reduction in PR values when compared with BS
values (14,43).

However, another factor that might have favored the
deterioration of muscle contractile properties could have
been the high thermal stress experienced by subjects during
the race in this study. Previous study findings support this
view, as when the muscle temperature rises, the muscle
contraction force, the rate of force development, and muscle
conduction velocity, or electromechanical delay compo-
nents, have been shown to become significantly reduced
(5). Furthermore, the number of impacts, or g-forces, pro-
duced during the race did not correlate with any TMG
parameters, although the FG showed a greater total number
of impacts (14,486.8 6 11,788.7) compared with the SG
(4,345.2 6 5,035) correlating a higher speed with greater
impact. The latter might be because most impacts produced
during the race were classified as low impact, of between 2
and 33g (8). The TMG results in this study show some
differences with those of previously published studies, where
other authors have shown relationships between maximum
voluntary isometric contraction (MVIC) and the behavior of
TMG parameters, including a correlation between a decrease
in MVIC with a decrease in Dm, V10–90, and increase in Tc
(16,10).

Although the Tc results were consistent with those found
by previous authors, our Dm and V10–90 were not (13,14). In
a previously reported study (14), Tc was shown to be signif-
icantly decreased in the vastus lateralis (227.35 6 18.0%)
after an uphill marathon in high altitude, with a 3,063-m
elevation gain, and 1810-m above mean sea level. We suggest
that the difference in Tc findings compared with those pre-
viously reported (14), might be due to the differences
between both races, an uphill high-altitude race compared
with a flat course at sea level. In this regard, a recently pub-
lished review has indicated that there are substantial biome-
chanical and physiological differences between uphill
running and running on the horizontal, which alters muscle
contraction patterns with increasing muscle fatigue (47).

This study has several limitations. First, the study did not
use a gold standard method to analyze passive muscle
stiffness or to corroborate the reduced stiffness of each
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analyzed muscle but used TMG. However, the relationships
between Dm and stiffness have been observed by this
method in previous studies (12,14,40). Second, force meas-
urements used to determine maximal power of the lower
limbs were not used to confirm that fatigue had occurred.
However, it is known that this type of event generates large
degrees of fatigue, which decrease the maximal power of the
lower limbs (14,43). Finally, we did not conduct a cross-over
study to evaluate the different behaviors of the neuromuscu-
lar and biochemical alterations in a cooler environment
because the race took place in Costa Rica, which has a trop-
ical climate with temperatures ranging from 27 to 368 C
throughout the year.

Further research is required to determine how TMG may
best be applied to assess and monitor the acute effect of this
type of popular events in similar environmental conditions
on the neuromuscular system and to clarify how TMG data
should be interpreted and how they relate to potential
indicators of fatigue and stiffness by comparing this method
with established or gold standard methods. In conclusion,
the findings of this study have shown that running a mara-
thon in high heat and humidity environment led to increased
PR mechanical and biochemical changes compared with
those previously reported in thermoneutral conditions. It
may be necessary to intensify nutritional, hydration, and
physical recovery protocols and to consider the environ-
mental factors after running endurance races under these
adverse circumstances.

PRACTICAL APPLICATIONS

The results of this study showed that running a marathon in
hot and humid conditions induced a significant reduction in
lower-limb stiffness as well as high rates of neuromuscular
fatigue, accompanied by several changes in biochemical
markers, including CPK, magnesium (Mg2+), and HCT,
which are products of muscle damage and dehydration dur-
ing the marathon. Given these findings, medical and sports
medicine practitioners should increase and personalized
fluid intake before, during, and after the marathon in the
form of water or isotonic beverages to restore electrolytes
such as Mg2+ and reduce dehydration associated with an
increased HCT, from the effects of heat and sweat loss.
The personalized protocols must be carefully prepared by
coaches and athletes considering adverse environmental
conditions such as those of this study during resistance
events in hot and humid conditions, to improve the perfor-
mance and decrease the impact on the health of the
participants.
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