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Abstract: Background: Knowledge on the effect of heat on recovery is still incomplete. The present
study aimed to evaluate the effect of a passive acute hyperthermic stimulus before and after a lactic
anaerobic test on the production and oxidation of lactate blood concentrations. In addition, the
purpose was to evaluate the effect that the application of this previous hyperthermic stimulus may
have on the athletic performance in the test. Methods: For this purpose, a cross-over design through
an anaerobic treadmill test in three different situations (normothermia, pre-test hyperthermia, and
post-test hyperthermia) was performed. Twelve male subjects participated (age: 21.25 ± 1.64 years;
height: 1.76 m ± 0.08; weight: 72.59 ± 9.44 kg). An anthropometric assessment was carried out
with weight, height, skinfolds, body perimeters and diameters, and external and internal body
temperatures in each of the tests. A nutritional survey was also carried out 48 h prior to each
test. Results: The results of the study showed a decrease in blood lactate concentrations when the
hyperthermic effect was applied as passive recovery just after the end of the test (p < 0.05). A decrease
in lactate concentrations was also achieved when applying the hyperthermic effect just before the
start of the test (p < 0.05). However, no significant improvements were obtained from this application
of heat on test performance. Conclusions: The results suggest that the application of passive acute
hyperthermia has a favourable effect in terms of decreasing blood lactate concentrations in a 5 min
recovery period after lactic anaerobic activity.

Keywords: lactate; hyperthermia; anaerobic test; heat stress; anaerobic performance

1. Introduction

Exercising in extreme heat causes a high strain on thermoregulatory mechanisms, in-
creasing the stress induced by physical exertion [1]. Heat can influence energy metabolism
due to dehydration and further exacerbation of energy metabolism that occurs during exer-
cise, leading to increased glycogen use [2], which can affect blood lactate concentrations [3].

Physiological responses to exercise above the anaerobic threshold result in the develop-
ment of metabolic acidosis and reduced exercise endurance [4]. In high-intensity activities,
oxygen demand exceeds oxygen supply, so muscles rely on anaerobic glycolysis for ATP
production. In anaerobic glycolysis, glucose is broken down within the cell cytoplasm to
form pyruvate [5]. Lactate is produced from pyruvate and metabolised by nicotinamide
adenine dinucleotide (NAD)-dependent lactate dehydrogenase (LDH) to pyruvate, which
is subsequently oxidised in the mitochondria to carbon dioxide and water [6]. Intense
muscular exercise increases the use of glycogen through anaerobic glycolysis, resulting in
increased lactate production by the active muscle, which in turn leads to lactate accumula-
tion in the muscle and in the blood [7]. Elevated lactate concentration is associated with
increased hydrogen ion (H+) concentrations in muscle and blood. Karlsson et al. [7] and
MacDougall et al. [8] suggest that increased acidity is directly associated with local muscle
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fatigue by possibly affecting the contractile mechanism. Blood lactate levels reflect the
balance between production, uptake of lactate by tissues, and its elimination. All organs
of the body are capable of producing lactate, with muscles and red blood cells being the
main culprits [9]. Normally, the ratio of lactate to pyruvate is 10:1; the [NADH]/[NAD+]
ratio determines the balance. However, the removal of lactate from muscle and blood
and the return of H+ concentrations to resting values is essential for enhanced recovery
and successful resumption of subsequent intense exercise. During recovery from intense
exercise, blood lactate concentration is reduced mainly through removal and utilisation by
the heart, skeletal muscles, and liver [10].

In hot conditions, glycogen metabolism increases. This fact could lead to the assump-
tion that the rise in glycogen metabolism would trigger an increase in lactate production.
Nonetheless, several studies have reported no differences in blood lactate concentrations
between normothermic and hyperthermic conditions [11]. Similarly, Smolander et al. [12]
reported that blood lactate concentrations during and immediately after incremental ex-
ercise are similar in both warm and normothermic conditions. Oyono-Enguelle et al. [13]
demonstrated that exposure to high temperatures does not adversely affect the rate of
lactate clearance during rest. Nonetheless, Falk et al. [14] suggests that heat exposure could
improve anaerobic performance. Hyperthermic stimulus could mitigate the lactate produc-
tion or induce favourable mechanisms to lactate clearance in the organism. Nonetheless,
there is scarce literature that can clarify this topic, and it is necessary to understand the
effect of heat upon lactate production.

Considering the increase in cardiac output in high temperatures [10], in this study,
it is expected that the use of a hyperthermic stimulus during recovery from anaerobic
work could lead to a decrease in blood lactate concentrations. Furthermore, previous
investigations reported changes after hyperthermic stimulus [14,15]. Therefore, the aim
of this study was to evaluate the effect of the application of a passive acute hyperthermic
stimulus before and after an anaerobic test on the production and elimination of blood
lactate concentrations. In addition, it is proposed to evaluate the effect of the application of
this pre-exercise hyperthermic stimulus on performance in the test.

2. Materials and Methods
2.1. Participants

Twelve males participated voluntarily in this investigation. All of them were students
from the University of Extremadura (age: 21.25 ± 1.64 years; height: 1.76 m ± 0.08 m;
weight: 72.59 ± 9.44 kg). This research was approved by the Biomedical Ethics Committee
of the University of Extremadura following the guidelines of the Helsinki ethical declaration
(registration number: 196//2022). The participants performed an average of 5.02 ± 4.29 h
per week of moderate physical activity. G*Power www.gpower.hhu.de (accessed on 11
January 2024) was used to perform the sample calculation, with a power level of 95%
and an α_level of 0.05. It was revealed that a sample size of >12 would be sufficient for
the analysis.

For inclusion in the study, participants had to fulfil the following criteria: they had to
be male, not modify their lifestyle during the study period, not suffer from any concurrent
disease that could affect physical performance, and not take any medication or supplemen-
tation. In addition, they were instructed not to take any medication or supplementation for
at least 1 month before the experimental period.

Prior to the experimental phase, all participants were contacted to explain the objec-
tives of the study and what their collaboration would consist of, and they all accepted
their voluntary participation by signing an informed consent form, in accordance with the
ethical guidelines of the World Medical Association’s Declaration of Helsinki (updated at
the World Medical Assembly in Fortaleza, 2013) for research involving human subjects,
guaranteeing the confidentiality of the data.

www.gpower.hhu.de
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2.2. Experimental Design

A randomised cross-over design was carried out. The participants were randomised into
three groups. They performed the same physical test at ambient temperature (22 ◦C ± 2 ◦C;
20% RH) with different conditions: without sauna before or after the test (normothermia),
with 10 min of sauna before the trial (hyperthermic pre), and with 5 min recovery in a
sauna after the test (hyperthermic post). Blood lactate and haematocrit were collected in a
basal condition, immediately after the trial and after 5 min of recovery. Additionally, in the
hyperthermic pre condition, another sample of both haematocrit and blood lactate after
the sauna bath was collected. Each trial was separated by one week to avoid fatigue. The
consort flow of the study design is shown below. Furthermore, Figures 1 and 2 shows the
outline of the study design.
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Figure 1. Consort flow diagram. Figure 1. Consort flow diagram.

2.3. Familiarisation

Prior to the experimental period, all participants completed a familiarisation week.
During this week, each participant visited the laboratory to familiarise themselves with
the laboratory equipment and tools and performed the maximal test on the treadmill
(Ergoline 900; Bitz, Germany). Additionally, anthropometric measurements took place
during this period.
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2.4. Experimental Protocol

The tests were performed on a treadmill under laboratory conditions of constant
temperature and humidity (22 ± 2 ◦C; 20% RH). Prior to the test, the participants warmed
up for 10 min, which consisted of a continuous run at low intensity, to produce cardiovas-
cular and respiratory activation, along with stretching and joint mobility. Afterward, the
treadmill test was performed. Three blood lactate and haematocrit measurements were
also taken (pre-test, post-test, and recovery), as explained above. Core temperature (Ct),
measured at the buccal mucosa, and skin temperature (St), measured at the frontal region
of the head, were monitored using an infrared thermometer [TAT 5000 “Exergen Temporal
Scanner” (Corp., EE. UU.)] at the beginning and end of the tests. In the hyperthermic
pre condition, a hyperthermic stimulus was applied by means of a sauna session (Harvia
C105S Logix Combi Control; 3–15 W; Helsinki, Finland) prior to the treadmill test. This
lasted 10 min, with an ambient temperature of 100 ◦C ± 5 ◦C; 20% RH). Elsewhere, in the
hyperthermic post condition, the heat stimulus was performed after the test under the
same temperature conditions (100 ◦C ± 5 ◦C; 20% RH).

2.5. Treadmill Test

The protocol used was based on the research of Cunningham and David Faulkner [16]
This test is 60 s in duration, with an incline of 18% on the treadmill and a speed of 13 km/h.
Our study followed this test, except for the duration, where the subject had to run to
exhaustion (approximately 60 s). The performance during the test was evaluated by the
time in seconds of the subjects on the treadmill.

2.6. Nutritional Assessment and Weekly Training

In order to keep nutritional control and to avoid contamination of the data evaluated,
the participants had to record all the foods and their respective quantities consumed in the
48 h prior to each of the tests, in order to know their macronutrient intake. In addition,
participants had to quantify the number of hours of physical exercise performed during
the week prior to the test. Both assessments were collected using the app “myfitnesspal®”
(V24.10.1) [17].

2.7. Anthropometric Study

The measurements taken were as follows: (1) weight, which was measured in kg—
the subject stands on the scales, barefoot with feet parallel, and with as little clothing as
possible; (2) height, measured in m—the subject stands fully stretched and barefoot, with
feet parallel; (3) 6 skinfolds (abdominal, suprailiac, subscapular, tricipital, thigh, and calf);
and (4) three bone diameters (bi-styloid, humeral bicondyloid, and femoral bicondyloid).
We also measured arm and leg perimeters (calf).

For the anthropometric assessment, we used a Seca 220 (Hamburg, Germany) measur-
ing rod, with an accuracy of ±1 mm; Seca 769 (Hamburg, Germany) weight scales with
digital electronic calibrated scales; a Holtain skinfold compass (Crymych, UK), with an
accuracy of ±0.2 mm; a Holtain bone diameter compass (Crymych, UK), with an accuracy
of ±1 mm; and a Seca tape measure (Hamburg, Germany), with an accuracy of ±1 mm.

All measurements were taken at the same place, by the same scout, and on the right
side of the body. Furthermore, all of them were carried out at the same time and following
the recommendations of the Spanish Group of Cineanthropometry [18].

2.8. Haematocrit and Lactate Assessment

Haematocrit was obtained by centrifuging whole blood in a 75 µL glass capillary
containing heparin in a Microcen microcentrifuge. Lactate concentrations were obtained
from capillary blood samples. The samples were analysed using a Lactate Scout (Biolaster,
Guipúzcoa, Spain) with a margin of error of ±0.2 mmol/L. For both measurements (haema-
tocrit and lactate), a puncture was made with a MenaLancetPro lancet in the index finger
of each participant, and the samples were drawn together.
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2.9. Statistical Analysis

Statistical analyses of the results were performed using the “Statistical Package for the
Social Sciences” (SPSS) 20.0 for Windows (SPSS Inc., Chicago, IL, USA). The normality of
the distribution of variables was analysed using the Shapiro–Wilk test. The Wilcoxon test
was performed to compare differences between assessments. A p < 0.05 was considered
statistically significant. Results are expressed as means ± standard deviation.

3. Results

The results obtained in the different tests carried out in the study are shown below.
Table 1 shows the anthropometric data of the subjects in the different tests carried out

in the study, and as can be seen, there are no significant differences in any of the values.

Table 1. Anthropometric characteristics of study participants.

Normothermia Hyperthermia Pre Hyperthermia Post

Height (m) 1.76 ± 0.08 1.76 ± 0.08 1.76 ± 0.08
Weight (kg) 72.13 ± 9.03 72.63 ± 9.30 73.00 ± 9.98
BMI 23.14 ± 2.17 23.38 ± 2.19 23.47 ± 2.18
Weekly training (h) 5.38 ± 4.57 4.88 ± 4.70 4.88 ± 4.29
Fat (%) 10.06 ± 2.19 10.48 ± 1.81 10.34 ± 1.93
Fat (kg) 7.39 ± 2.48 7.74 ± 2.25 7.69 ± 2.29
Muscle (%) 50.43 ± 1.92 50.03 ± 2.02 50.23 ± 1.80
Muscle (kg) 36.19 ± 3.61 36.31 ± 4.07 36.59 ± 3.91
Σ 6 Fold (mm) 66.38 ± 22.24 70.48 ± 18.71 69.04 ± 19.86

BMI = Body Mass Index.

Table 2 displays the macronutrients consumed by the study participants 48 h before
each test as recorded in the nutritional survey.

Table 2. Macronutrient intake of subjects in the 48 h prior to each test.

Normothermia Hyperthermia Pre Hyperthermia Post

Carbohydrates (g) 272.38 ± 180.52 215.40 ± 167.54 206.00 ± 33.38
Protein (g) 99.84 ± 19.76 97.70 ± 45.03 112.25 ± 39.01
Fat (g) 76.88 ± 36.28 66.56 ± 14.35 65.98 ± 14.94
Total daily intake (kcal) 2585.51 ± 292.45 2201.29 ± 154.00 2395.97 ± 159.78

The data related to internal and external temperature and test performance are shown
in Table 3, and at the beginning and end of each test. No significant differences were found.

Table 3. Temperature and time performance in each test.

Normothermia Sauna Pre Sauna Post

Basal (◦C)
Internal 35.88 ± 2.10 36.13 ± 0.52 36.46 ± 1.03
External 36.01 ± 1.89 36.56 ± 0.46 36.08 ± 0.94

Pre-test/post-sauna (◦C) Internal - - 37.34 ± 0.77
External - - 37.56 ± 0.35

Post-test (◦C)
Internal 37.8 ± 0.3 37.9 ± 0.4 37.5 ± 0.25
External 37.8 ± 0.4 37.6 ± 0.56 37.9 ± 0.69

5′ Recovery (◦C)
Internal 36.88 ± 0.47 37.3 ± 0.39 37.49 ± 0.73
External 37.6 ± 0.52 36.84 ± 0.65 37.88 ± 0.59

Test performance (s) 61.38 ± 10.85 64.50 ± 13.83 66.88 ± 16.34

Figure 3 comprises three graphs illustrating haematocrit values from various mea-
surements and tests conducted in the study. The “Day 1—Normothermia” graph depicts
values from the normothermia test, revealing a significant difference of p < 0.05 between
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pre-test and post-test measurements. Meanwhile, the “Day 2—Sauna Pre” graph displays
values from the hyperthermia pre-test, demonstrating a significance of p < 0.05 between
post-sauna and post-test measurements, as well as between pre-test and Rec measurements.
Finally, the “Day 3—Sauna Post” graph presents values from the hyperthermia post-test,
indicating a significant difference of p < 0.05 between pre-test and post-test, as well as
between pre-test and recovery (sauna) measurements.
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Figure 4 illustrates lactate values obtained in various test measurements with and
without correction for haemoconcentration. In the “Day 1—Normal” graph, from the
normothermia test, a significant difference of p < 0.01 is observed between pre-test and
post-test measurements. Additionally, a significance of p < 0.05 is noted between post-test
and Rec measurements, and between pre-test and Rec measurements. In the “Day 2—Sauna
Pre” graph, representing lactate values from the hyperthermia pre-test, a significance of
p < 0.05 is observed between pre-test and post-test measurements, as well as between
pre-test and Rec measurements. Finally, the “Day 3—Sauna Post” graph, depicting values
from the hyperthermia post-test, shows a significant difference of p < 0.01 between pre-test
and post-test measurements. Furthermore, a significant difference of p < 0.05 is evident
between post-test values, and between pre-test and recovery (sauna) measurements.
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Lastly, the comparison between the different days of measurement at the same points
can be seen in Figure 5. No significant differences were found.
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4. Discussion

The present study evaluates the acute effect of exposure to high temperatures before
and after an anaerobic lactic test in normothermia on lactate concentrations before and
after 5 min of recovery. In addition, the effect of this pre-heat application on sports
performance in an anaerobic test is evaluated. In our study, it was possible to observe
multiple significances in the measurements taken during the tests. Firstly, referring to
Figure 3, a significance of p < 0.05 was observed in the haematocrit values obtained between
the pre-test and post-test measurements. The haematocrit values increase at the end of
the test, which was observed in the three different tests performed. This could be due
to haemoconcentration as a result of fluid loss and the reduction in plasma volume that
occurs during physical activity, which also increases in warm environments [19]. Therefore,
there is an increase in the percentage of red blood cells in whole blood in the early stages of
exercise [20]. This haemoconcentration must be taken into account when measuring lactate.
For this reason, the lactate values were corrected by the Van Beaumont Equation through
haematocrit [21].

Elsewhere, between the lactate measurement pre-test and post-test, and between
pre-test and Rec (Figure 4), of the three tests, a significant difference of p < 0.05 can be
shown. These significant differences could be due to the fact that, when treating the
test as a lactic anaerobic test, a logarithmic increase in lactate is produced by anaerobic
glycolysis [4]; therefore, it is logical that these significant differences occur between pre-
and post-exercise conditions.

The application of heat just before the test produces an increase in lactate concentra-
tions at the end of the test, but there were no significant changes. It has been reported that
when exercising under anaerobic conditions, the use of glycogen via the glycolytic pathway
predominates [2]. In addition, this mechanism is exacerbated in situations of heat stress,
causing an increase in anaerobic glycolysis. The enzyme lactate dehydrogenase can convert
pyruvate to lactate [5]. Therefore, an increase in blood lactate concentrations is expected to
occur during intense exercise and even more under heat stress conditions before the test.
Furthermore, the high temperatures have a potential to affect substrate supply and metabo-
lite release upon modifying vasodilation [22,23]. However, the application of the acute
passive thermal effect of 10 min duration just before the test shows a greater elimination of
lactate concentrations in blood when performing a passive 5 min recovery in normothermia.
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It should be noted that there was no significant difference in lactate concentration between
the post-test and after 5 min of recovery in the hyperthermia pre condition (Figure 4B),
while in the first test (normothermia; Figure 4A), there was a significant increase after 5 min
of recovery. In this respect, it is known that the sweating rate increases after exposure to
heat [24]. Hence, it is possible that sweating was greater in the second test and that there
was higher lactate elimination through sweating [25]. A recent study reported that heat
acclimatization reduces sweat lactate [26]. Another possible reason is the elimination of
lactate through urine [27,28]; however, heat inhibits urine production through the action of
ADH and the renin angiotensin system [1], so this pathway is implausible.

In contrast, when applying the acute passive thermal stimulus for 5 min immediately
after the end of the test (post hyperthermia) and looking at Figure 4C, we can observe
that there is a significant decrease in Rec lactate concentrations compared to the post-test
measurement. This is something that we cannot observe in the other two tests carried out
in the study (normothermia and hyperthermia pre; Figures 4A and 4B, respectively), so it
could be concluded that passive recovery in post-test hyperthermia conditions favours the
elimination of lactate concentrations in blood. This could be since, under hyperthermia
conditions, a higher cardiac output is produced [29], and this fact during recovery could
favour a decrease in blood lactate concentrations through extraction and utilisation by
the heart, skeletal muscles, and liver. In this respect, it is known that heat increases
enzyme activity [30]. Therefore, it could be hypothesised that the lactate/H+ cotransporter
(monocarboxylate transporter, MCT) increases its activity, leading to increased lactate
movement through the sarcolemma into adjacent cells. Heat would also increase the
enzymatic activity of pyruvate carboxylase, which would trigger the generation of acetyl
CoA from pyruvic acid for the Krebs cycle. In addition to these facts, the haemoglobin and
myoglobin curve shifts to the right with increasing body temperature [31], enhancing this
Krebs cycle process in the mitochondria. Alternatively, the increased cardiac output due
to the thermoregulatory process could result in an enhanced Cori cycle, where lactate is
cleared for conversion to glucose, occurring to a greater extent due to the higher blood flow.
Conversely, blood flow to the liver is reduced in hot conditions compared to normothermic
conditions [32]. Hence, this explanation is not plausible. Finally, it is important to consider
what has been mentioned in the sauna pre case, where sweat elimination could potentially
play a strong role. Thus, exposure to heat at 100 ◦C in recovery could increase this lactate
elimination through sweating [26]. In addition, increased oxygen debt or excess post-
exercise oxygen consumption (EPOC) in hot conditions would trigger an increased action
of bicarbonate as a buffer for lactate clearance and subsequent CO2 elimination through
ventilation [33]. Conversely, these results obtained in our study disagree with the research
of Folk et al. [10], who show that passive recovery in hyperthermic conditions at 5 min
does not produce a greater decrease in lactate concentrations compared to passive recovery
in normothermic conditions; however, the temperatures used were different. Elsewhere,
researchers have suggested that there could be less lactate production during intense
exercise in heat. This is because heat in prolonged exercise triggers central fatigue [34]. It
has likewise been argued that the hyperthermia-prompted decline in cycling execution is
presumably connected with cardiovascular and perceptual constraints, as opposed to a
physiological failure to produce motor drive [35,36]. Nonetheless, performance did not
decrease after the application of heat before exercise in this research.

Finally, as for the effect of the application of the passive acute hyperthermic stimulus
before the test, no significant differences in performance can be concluded. Although a
non-significant improvement of a few seconds is observed, this could be due to a series
of cardiovascular, metabolic, and enzymatic adaptations. However, studies have shown
that long-term heat acclimatisation training (≥8 heat exposures) improves physical perfor-
mance [37]. These results agree with those obtained in the research by Cheuvront et al. [38];
however, they do not agree with the results of the study by Falk et al. [14]. Although the
latter suggests that exposure to heat can improve anaerobic performance, in that study, the
session was carried out in an environment with a temperature of 35 ◦C, unlike ours, where
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we applied the thermal stimulus before, and not during, the test, and at a temperature of
100 ◦C ± 5 ◦C. Furthermore, the aforementioned study utilised a series of shorter time in-
tervals (15 s), so that intense exercise in a warm environment could lead to an improvement
in anaerobic performance in short periods of time (15 s).

Based on the results obtained, a pre- or post-exercise heat stimulus could be applied
to a competition situation, especially in those where the athlete competes at several times
throughout the day or in different events, such as in the Olympic Games.

This study’s outcomes should be interpreted within the context of several limitations.
Firstly, the relatively modest sample size and potential homogeneity of the participants
might restrict the broader applicability of the findings to diverse populations. Secondly,
while efforts were made to maintain a controlled environment at a constant temperature of
22 ◦C, other external factors, such as individual responses to testing conditions, could intro-
duce variability. Furthermore, variations in individual responses to the sauna, including
differences in heat tolerance, hydration levels, or familiarity with sauna use, could intro-
duce inconsistencies in the observed physiological responses, challenging the uniformity of
the findings.

5. Conclusions

The application of a 10 min acute hyperthermic stimulus before a lactic anaerobic test
decreases blood lactate concentrations during recovery.

Furthermore, the application of this same stimulus, with a duration of 10 min just
before the test, could help to reduce lactate concentrations after 5 min of recovery, compared
to normothermic conditions.

However, the application of this hyperthermic stimulus did not lead to a significant
improvement in test performance.
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