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ABSTRACT

The aim of this study was to examine how respiratory (RT) and lactate thresholds (LT) are affected by acute
heat exposure in the two most commonly used incremental exercise test protocols (RAMP and STEP) for
functional evaluation of aerobic fitness, exercise prescription and monitoring training intensities. Eleven
physically active male participants performed four incremental exercise tests, two RAMP (30 W-min') and
two STEP (40 W-3 min'), both in 18°C (TEMP) and 36°C (HOT) with 40 % relative humidity to determine 2 RT
and 16 LT, respectively. Distinction was made within LT, taking into account the individual lactate kinetics
(LTip) and fixed value lactate concentrations (LTgx). A decrease in mean power output (PO) was observed in
HOT at LT (-6.2 +1.9 %), more specific LTino (-5.4 + 1.4 %) and LTex (-7.5 £ 2.4 %), compared to TEMP, however
not at RT (-1.0 £ 2.7 %). The individual PO difference in HOT compared to TEMP over all threshold methods
ranged from -53 W to +26 W. Mean heart rate (HR) did not differ in LT, while it was increased at RT in HOT
(+10 = 8 bpm). This study showed that exercise thresholds were affected when ambient air temperature was
increased. However, a considerable degree of variability in the sensitivity of the different threshold concepts
to acute heat exposure was found and a large individual variation was noticed. Test design and procedures

should be taken into account when interpreting exercise test outcomes.

KEY WORDS

Heat; incremental exercise test; respiratory threshold; lactate threshold
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INTRODUCTION

Incremental exercise tests are widely used to determine exercise thresholds that demarcate the intensity
domains of moderate, heavy and severe exercise (Gaesser & Poole, 1996). By use of these thresholds, aerobic
fitness can be assessed and exercise prescription can be optimized according to the specific profile of the
sports discipline and athlete (Bourgois et al., 2019). It has been shown that incremental exercise tests with
continuous linear (RAMP) or stepwise (STEP) increases in intensity can provide valuable insights into these
thresholds, although they do not represent the gold standard procedures (i.e., multiple constant load
exercise tests) (Keir et al., 2015). Despite a high feasibility (i.e., time-efficiency) of these protocols,
appropriate protocol design and careful data analysis by experienced physiologists or coaches are required
for accurate determination and interpretation of exercise thresholds (Jamnick et al., 2018; Caen et al., 2021).
RAMP tests typically last between 8 and 12 min and are mostly used when thresholds are determined from
pulmonary gas exchange variables (Keir et al., 2022), with maximal oxygen uptake (VO,max) and respiratory
thresholds (RT), i.e., gas exchange threshold (GET) and respiratory compensation point (RCP), as key
outcomes. STEP tests are more common when blood lactate measurement is the main parameter for
threshold determination, and a minimum stage length (i.e., 3 min) is proposed (Bentley, 2007). Over the
years, a large variety of lactate thresholds (LT) methods has been suggested and utilized (Faude et al., 2009;
Jamnick et al.,, 2018). Some of these methods take into account the individual kinetics of the lactate-
performance curve (LTinp; e.8., Dmax method; Cheng et al., 1992), while others rely on fixed blood lactate

concentrations (LTry; e.g., 4 mmol-L'Y; Kindermann et al., 1979).

Furthermore, even when the testing procedure and analysis are applied adequately, the occurrence of these
exercise thresholds can be influenced by multiple factors, including environmental conditions. In fact, heat
can alter the physiological responses to exercise (Périard et al., 2021). A redistribution of blood to the skin
for heat dissipation leads to a higher cardiovascular strain (Rowell, 1974). Furthermore, there is a shift toward
a greater reliance on the glycolytic metabolism (Febbraio et al., 1994), resulting in a decreased mechanical
efficiency (Hettinga et al., 2007). Subsequently, the impact of heat on parameters used for exercise

prescription and monitoring training intensity, i.e., power output (PO), heart rate (HR), blood lactate
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concentration ([BLa’]) and oxygen uptake (VO,), can result in a modified occurrence of LT from STEP and/or

RT from RAMP during incremental exercise.

Several studies reported changes in threshold occurrence when exercise testing is executed in hot
environmental conditions (Tyka et al., 2009; 2010; de Barros et al., 2011; Lorenzo et al., 2011; Maunder et
al., 2021) and made suggestions on how this additional information could be used for training prescription
and monitoring during training camps and tournaments in hot environments. However, these studies do not
compare different incremental exercise tests (RAMP and STEP) and/or only include limited exercise threshold

concepts.

Therefore, the purpose of this study is to examine how different exercise thresholds (RT and LT) are affected
by acute heat exposure in the two most commonly used incremental exercise test protocols (RAMP and
STEP) for functional evaluation of aerobic fitness. This will allow us to gain more insight into the physiological
mechanism of exercise threshold determination and provide practical implications for sports scientists and
coaches. We hypothesize that short-term heat exposure (i.e., duration of the test) will have an impact on PO
and HR at all exercise thresholds, although we expect differences related to the protocol of the test (i.e.,
time duration-intensity relationship of RAMP vs. STEP) and the methodology of LT determination (i.e., lactate
kinetics in LTinp vs. LTrx). Furthermore, we hypothesize that thresholds taking place at a higher intensity will
be affected more as heat exposure time is increased, accelerating cardiorespiratory and metabolic

perturbations.
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METHODS

Participants

Eleven male participants (age: 24.9 + 1.7 years, height: 1.82 + 0.06 m, body mass: 77.0 + 6.6 kg) volunteered
in this study. All participants were physically active, and performed recreational physical exercise on a self-
reported basis of 5.0 + 1.4 hours per week. Participants did not train in hot environments 3 months preceding
the study to avoid heat acclimation/acclimatization effects. Participants completed a medical questionnaire
and underwent a medical examination. Participants did not report any history of cardiovascular, respiratory
or metabolic disease. After receiving a description of the procedure of the experiment, all participants gave
their written informed consent. The protocol was in accordance with the Declaration of Helsinki and was

approved by the ethical committee of the Ghent University Hospital (Ghent, Belgium).

Study design

General procedure. All participants performed four incremental exercise tests on an electromagnetically
braked cycle ergometer (Cyclus 2, RBM Elektronik-Automation, Leipzig, Germany) at the Sport Science
Laboratory Jacques Rogge of the Ghent University (Ghent, Belgium, sea level) between 1.00 p.m. and 6.00
p.m. to limit variability due to the circadian rhythm. Each participant performed all tests at the same time of
the day (£ 30 min) with a minimum of 72 hours between two tests. Trials were completed during the spring
months. Two ramp and two step incremental exercise tests were executed, one of each in temperate (TEMP:
18 + 1°C) and one of each in hot environmental conditions (HOT: 36 + 1°C), with partial counterbalancing to
deal with practice effects. Air relative humidity (RH) was kept constant at 40 = 3 %. All exercise tests took
place in a built-in climatic chamber. Before the start of each exercise test, participants were seated for 10
min to accommodate to the environmental conditions. Participants were asked to maintain the same type
of meals at the day of an exercise test and to drink 500 mL of water over 2 hours prior to the beginning of
the test. Participants were instructed to abstain from any exhaustive exercise 24 hours leading up to an
exercise test and to refrain from consumption of caffeine and alcohol for 24 hours prior to testing. During
the first test, participants were instructed to choose their cadence between 70 and 90 revolutions per minute

(rpm), and maintain their preferred cadence during all upcoming exercise tests. Strong verbal
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encouragement was provided throughout all exercise tests to ensure maximum effort. The protocol was
terminated at volitional exhaustion, which was defined as the inability to maintain a minimal cadence of 70
rom for more than 5 consecutive seconds. HR was monitored on a continuous basis (H7 Sensor; Polar,
Kempele, Finland).

RAMP test. Warm-up consisted of 6 min cycling at 120 W, 2 min seated rest and 4 min baseline cycling at 70
W. Subsequently, the work rate increased continuously and linear with 30 W-min* as this would result in a
test duration of 8-12 min in our population based on anthropometrics and reported physical exercise.
Pulmonary gas exchanges for the determination of VOypeak, GET and RCP were measured on a breath-by-
breath basis using a metabolic instrument (Cortex Metalyzer 3B; Cortex Biophysik, Leipzig, Germany).

STEP test. The test started at a work rate of 80 W for 3 min and increased stepwise with 40 W every 3 min to
obtain at least five [BLa] measurements. At the end of each stage, 20 pL of blood from the right middle finger
was collected into a capillary tube and analysed for [BLa] (Biosen C-Line; EKF-diagnostic GmbH, Magdeburg,

Germany). Peak [BLa'] ([BLa]peak) Was obtained 1 min after cessation of the exercise test.

Data analysis

For all exercise thresholds, corresponding values of PO and HR were determined and the differences in PO
and HR between TEMP and HOT were calculated and expressed as the relative change (%) compared to
values of TEMP (A). PO at thresholds in TEMP were calculated relative to peak PO (%POpesk) Within the

respective test protocol, to express the relationship between PO-A and (relative) exercise intensity.

RAMP test. Breath-by-breath data were averaged into 10 s intervals. VO,peak Was determined as the average
of the highest three consecutive 10 s values. Two respiratory thresholds were determined by four
independent researchers using four different criteria for each threshold. The mean of the closest three values
was used. GET was defined as [1] the point where VCO; increased disproportionately to VO, using the V-
slope method, [2] the first departure from the linear increase in ventilation (Ve), [3] an increase in V¢/VO;
without a simultaneous increase in Ve/VCO; and [4] the first rise in end-tidal oxygen tension (PerO,) (Beaver
et al., 1986; Binder et al., 2008). RCP corresponded to [1] the point where Ve increased disproportionately to

VCO,, [2] the second departure from linearity in Vg, [3] an increase in both Ve/VO, and Ve/VCO; and [4] the
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deflection point of end-tidal carbon dioxide tension (PerCO;) (Wasserman, 1984; Binder et al., 2008). To
obtain the precise work rate at which GET occurred, an individual correction was made, i.e., to account for
the mean response time (MRT) of the VO, kinetics. MRT was quantified as the time interval between the
onset of the ramp and the intersection of the forward extrapolation of the baseline VO, and the backwards
extrapolation of the linear VO,/time relationship below the GET (Boone & Bourgois, 2012). For RCP, an
additional correction was made to close the gap for the extra dissociation of the VO,/PO relationship
between ramp incremental exercise and constant work rate exercise at higher intensities (Caen et al., 2020).
Oxygen pulse (O, pulse: VO,/HR) was calculated as an indirect indicator of cardiac stroke volume (SV) at peak

level and the two RT.

STEP test. Sixteen thresholds were calculated based on [BLa’], using nine threshold methods. A distinction
was made between individual (LTinp) and fixed value (LTrx) lactate thresholds.

Individual lactate thresholds:

1. Log-log: The lactate curve was divided into two segments and the intersection point of the two lines with
the lowest residuals sum of squares was taken as the lactate threshold (Beaver et al., 1985).

2. Baseline + absolute value(s) (Bsin + mmol-L?): The intensity at which [BLa’] increased 0.5 (BsIn + 0.5), 1.0
(BsIn +1.0) or 1.5 (BsIn + 1.5) mmol-L'* above baseline value (Berg et al., 1990; Zoladz et al., 1995).

3. Dmax: The point on the third-order polynomial regression curve that yielded the maximum perpendicular
distance to the straight line formed by the two end points of the curve (Cheng et al., 1992).

4. Modified Dmax (ModDmax): The intensity at the point on the third order polynomial regression curve that
yielded the maximal perpendicular distance to the straight line formed by the point preceding the first rise
in [BLa] of > 0.4 mmol-L? lactate and the final lactate point (Bishop et al., 1998).

5. Exponential Dmax (EXp-Dmax): The point on the exponential regression curve that yielded the maximum
perpendicular distance to the straight line formed by the two end points of the curve (Hughson et al., 1987;

Machado et al., 2012).



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

6. Log-log modified Dmax (Log-Poly-ModDmax): The intensity at the point on the third order polynomial
regression curve that yielded the maximal perpendicular distance to the straight line formed by the intensity
associated with the log-log LT and the final lactate point (Jamnick et al., 2018).

7. Log-log exponential modified Dmax method (Log-Exp-ModDmax): The intensity at the point on the
exponential plus-constant regression curve that yielded the maximal perpendicular distance to the straight
line formed by the intensity associated with the log-log LT and the final lactate point (Jamnick et al., 2018).
8. First and second lactate turning points: The lactate curvature is divided into three segments. Two double-
linear fits are performed, which the intersection points between the lines (segments) are considered as
Lactate Threshold 1 (LT1) and Lactate Threshold 2 (LT,) (Binder et al., 2008).

Fixed value lactate thresholds:

9. Fixed lactate thresholds or onset of blood lactate accumulation (OBLA) values of 2.0 (OBLA 2.0), 2.5 (OBLA
2.5), 3.0 (OBLA 3.0), 3.5 (OBLA 3.5), or 4.0 (OBLA 4.0) mmol-L (Kindermann et al., 1979; Skinner & McLellan,

1980; Heck et al., 1985).

Statistical analysis

All data were expressed as mean values and standard deviations (SD) for n = 11. A priori sample size
calculations have been performed in G*Power 3.1.9 (University Dusseldorf, Germany) with significance level
0.05 and power 80 %. An estimated effect size of 0.65 results in a total sample size of n=11. Participants
served as their own controls. SPSS statistics 25 (IBM Corp., Armonk, NY) was used for statistical analysis. The
Shapiro-Wilk test was used to confirm normal distribution of the data. Repeated-Measures (RM) ANOVA (2
x 2) was performed to investigate differences in time to exhaustion (TTE) and peak performance parameters
(PO and HR) between TEMP and HOT in RAMP and STEP. Paired-samples t tests were used to compare VO,
in RAMP and [BLa'] in STEP between TEMP and HOT.

RM ANOVA was used to observe a difference how thresholds determined in RAMP (i.e., RT) and STEP (i.e.,
LT) are affected by heat (design: 18 thresholds x 2 conditions), and this was done for PO and HR
corresponding to the threshold. If a significant effect was seen, post hoc paired samples t tests with

Bonferroni correction were executed for comparison between TEMP and HOT for one threshold at a time.
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Significance was set at p < 0.05 and 95 % Confidence Interval (Clgs%) was given. Cohen’s d effect size (ES) was
calculated to standardize mean differences. Pearson correlation coefficient (r) was used to mark a linear
relationship between absolute and relative exercise intensity (i.e., PO and %POgeak) in TEMP and the size of

difference in PO (A) between TEMP and HOT.
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RESULTS

At peak level, no interaction effect (F = 2.078; p = 0.180) was found for POgeax in TEMP and HOT for RAMP
(361 £29 W vs. 353 +40 W) and STEP (306 £ 31 W vs. 288 + 29 W); nonetheless, there was a main effect of
temperature (F = 24.605; p < 0.001), indicating that the POpeak in HOT was lower compared to TEMP. On the
other hand, significant interaction effects were found for TTE (F=9.718; p = 0.011) and HR (F = 7.111; p =
0.024). TTE was reduced in STEP (1018 + 140 s vs. 937 + 130's; p < 0.001) in HOT compared to TEMP, but
not in RAMP (581 + 59 s vs. 566 + 80 s; p = 0.212) and HR was higher in RAMP (182 + 10 bpm vs. 187 + 9
bpm; p =0.017) in HOT compared to TEMP, but not in STEP (187 = 8 bpm vs. 185 + 7 bpm; p = 0.346). [BLa’
Jpeak did not differ in STEP between TEMP and HOT (12.14 + 1.65 mmol-L? vs. 11.48 + 2.17 mmol-L; p =
0.198). Furthermore, VOapeak Was higher in HOT in RAMP (3.93 + 0.46 L.mint vs. 4.19 + 0.40 L.min?; p <
0.001) and O, pulse at peak level did not differ in RAMP (21.7 + 3.0 ml.bpm™ vs. 22.5 + 2.4 ml.bpm?; p =

0.053).

Table 1 gives an overview of all threshold methods (expressed as PO and HR) in TEMP and HOT within their
respective exercise test protocol. When expressed as PO, a significant interaction effect (F=2.038; p =0.012)
was seen for the effect of heat on thresholds, determined in RAMP and STEP, meaning that there is a
difference in the way thresholds are impacted by heat exposure. Post hoc analysis shows a significant
decrease in PO in HOT for all thresholds, except GET, RCP and the log-log method. When expressed as HR, a
significant interaction effect (F = 4.040; p < 0.001) was found for the effect of heat on thresholds, determined
in RAMP and STEP. Post hoc analysis shows a significant increase in HR in HOT at RT, but not LT. Figure 1
provides the representation of individual PO difference in HOT compared to TEMP for all threshold methods,
with a range from -53 W to +26 W. VO, was higher at GET (2.76 + 0.30 L.min* vs. 2.95 + 0.32 L.min%; p =
0.006) and RCP (3.50 + 0.44 L.mintvs. 3.74 £ 0.40 L.min'%; p =0.013) in HOT.

A negative correlation was observed between the exercise intensity at which the thresholds occurred and
the change in PO between TEMP and HOT, both for absolute PO (Fig. 2A; r = -0.34; p < 0.001) as relative to
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DISCUSSION

In this study, we made a comparison between 18 exercise thresholds determined from two commonly used
incremental test protocols (i.e., RAMP and STEP) in temperate (TEMP: 18°C) and hot (HOT: 36°C)
environments with the same relative humidity (RH: 40 %). To our knowledge, this study is the first to
comprehensively examine the effect of acute heat exposure on RT and LT in non-acclimatized physically

active individuals.

Our first hypothesis was that short-term heat exposure (i.e., only the time duration of an incremental
exercise test) would have a negative impact on all exercise thresholds. We found a significant interaction
effect of ambient air temperature on the occurrence of the thresholds for PO, meaning that not all thresholds
were impacted in the same way. This points at a considerable degree of variability in the sensitivity of the
different threshold concepts to acute heat exposure. The PO at some thresholds was highly impacted (e.g.,
OBLA 2.0) as shown in the medium to large effect sizes (0.50-0.81), whereas in others, PO remained
unchanged (e.g., GET). The mean decrease of PO at the different thresholds in our study was less pronounced
(RT:-1.0+ 2.7 % and LT: -6.2 £ 1.9 %), as compared to other studies investigating performance decrements
in heat. Maunder et al. (2021) reported decreases for OBLA 2.0, OBLA 3.0 and OBLA 4.0, respectively, of 16
%, 13 % and 10 % between 18 and 36°C (60 % RH) in 16 competitive endurance-trained males, and a 17 %
and 12 % decrease is noticed, respectively, at first (i.e., GET) and second (i.e., RCP) RT. de Barros et al. (2011)
found that PO corresponding to RCP decreased by 18 % in 40°C in comparison to 22°C (50 % RH) for eight
healthy young untrained male participants. Furthermore, Tyka et al. (2009; 2010) reported a 13 % and 11 %
decrease at, respectively, LT (EXp-Dmax) and GET (V-slope method) in 37°C compared to 23°C (55 % RH).
Lorenzo et al. (2011) found an overall decrease of 12 % in power output at several blood- and ventilation-
based thresholds in 12 highly trained endurance cyclists (10 men and 2 women) when cycling in 38°C

compared to 13°C (30 % RH).

The above variation in results coming from different studies can be explained by differences in test designs

and procedures. First, exercise tests took place in various environmental conditions (i.e., ambient air



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

temperature and RH) using different test populations, so that a direct comparison is difficult. Second, in the
present study, participants were exposed to hot environmental conditions for ~30 min (i.e., 10 min rest +
exercise test). This exposure time is shorter than in the study of Maunder et al. (2021) and Tyka et al. (2010),
where participants rested passively for 20 min and 30 min, respectively. Other studies reported the use of
immersion in a hot bath (41°C) for 30 min to induce whole-body hyperthermia before start of incremental
exercise (Lorenzo et al., 2011) or do not report the time of exposure before start of the test (de Barros et al,,
2011). Furthermore, we speculate that the impact of heat exposure on exercise thresholds, using a protocol
that prolongs the duration of the incremental exercise test (e.g., RAMP with a smaller ramp slope or STEP
with longer stages), would be more fierce. This could also be the reason why our hypothesis, that thresholds
taking place at a higher intensity will be affected more as heat exposure time is increased, was only partially
supported by a weak correlation (see Fig. 2). The total duration of our protocol was too short to induce
severe cardiorespiratory and metabolic perturbations, even in the thresholds occurring at higher intensities.
Finally, it should be pointed out that the exercise test protocol is different. A single RAMP protocol with
continuous increase in PO is preferred to determine RT as it is the most appropriate way to detect break
point in the slope of the gas exchange and ventilatory response patterns (Keir et al., 2022). This is in contrast
to other studies, where they used various STEP protocols to determine RT (Tyka et al., 2009; Tyka et al., 2010;
de Barros et al., 2011) or merged STEP and RAMP into one exercise test protocol (Maunder et al., 2021),

which will affect threshold determination.

The determination of LT in STEP is based on different underlying methodologies, i.e., LTino or LTex. We
observed an alteration in lactate kinetics in HOT (LTinp:-5.4 £ 1.4 % and LTrx: -7.5 + 2.4 %), meaning that all
LT methods (except log-log method) are sensitive to heat exposure. Higher [BLa"] values were observed at
the same absolute intensities in HOT compared to TEMP, resulting in lower PO at OBLA 2.0 —4.0. This could
indicate that there is a more pronounced production rate of La” due to a greater reliance on the glycolytic
metabolism, possible mediated by a higher thermal strain (i.e., elevated muscle temperature) and an
increased sympathoadrenal response (i.e., increased circulating epinephrine) for the same absolute PO

(Febbraio et al., 1994, 1996). Although, it should be emphasized that BLa~ accumulation is the result of a
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balance between production by the muscles and clearance from the blood by active and inactive muscle
mass, heart, brain, liver and kidneys. A redistribution of the blood flow toward the skin (i.e., vasodilatation
for heat dissipation) occurs with heat exposure, suggesting a lower La™ elimination rate (Brooks, 2018; Rowell
et al.,, 1968). The determination of LT by means of the Dmax method (Dmax, M0OdDmax, EXp-Dmax, Log-Poly-
ModDmax, Log-Exp-ModDmax) depends on baseline [BLa, lactate kinetics and [BLa]peak- AN equal mean [BLa
Jpeak Was obtained at POpeak (12.14 + 1.65 mmol-L™* vs. 11.48 + 2.17 mmol-L?), although POpeak Was lower in
HOT (306 £ 31 W vs. 288 + 29 W). As a consequence, the course of the [BLa]-PO curve shifted to the left thus

also resulting in a lower PO for the LTgx thresholds.

We found a higher HR for a given submaximal absolute PO, which can be attributed to the direct temperature
effect on intrinsic HR at the sinoatrial node (Jose et al., 1970) and/or indirect effect by a reduced venous
return due to increased skin blood flow (Rowell, 1974). In the context of exercise prescription, Maunder et
al. (2021) proposed to rely on the HR instead of PO in the early phase of a heat acclimation/acclimatization
camp, as HR at the thresholds did not differ between TEMP and HOT. This is in line with what we found in
our study in STEP (i.e., equal HR and reduced PO). However, it must be pointed out that they do not take into
account the negative heat effects during prolonged exercise at submaximal intensity. Deterioration of cardiac
function and more specific reduction cardiac output will be more pronounced with prolonged (intense)
exercise in heat as core temperature increases. When prescribing exercise based on HR, it is important that
this is in accordance with the correct metabolic intensity (Teso et al., 2022), however, this is complicated in

heat as both absolute and relative intensity will change over time.

We found that RT, with PO adjustment for GET (Boone & Bourgois, 2012) and RCP (Caen et al., 2020), in
RAMP were less susceptible to heat. This might be due to a difference in duration-intensity ratio between
RAMP and STEP where time spent above 50 %POpeak Was almost double in STEP compared to RAMP (669 +
67 s vs. 357 £ 34 s). As such, the heat strain, which is a function of absolute intensity and time, could be less
pronounced in RAMP vs. STEP. We found that GET and RCP were identified at a higher VO,, and thus a higher
metabolic intensity or internal load. However, converted to PO or external load, the RT did not change. It has

been suggested that extra myocardial VO, in HOT is the reason, at least to a certain degree, for the higher
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VO, at a given submaximal power output. Gross efficiency during cycling is impacted by sustaining muscle
blood flow in combination with a higher skin blood flow for heat dissipation (Hettinga et al., 2007; Nielsen et
al., 1990). The relative intensity (i.e., %VOapeak), however, did not change at GET (70 + 3 %) and RCP (89 + 4
%) between TEMP and HOT, as also VOapeak reached during RAMP in HOT was higher compared to TEMP.
This might be surprising as several other studies (Arngrimsson et al., 2004; James et al., 2017, Lorenzo et al,,
2011) found that VOypeak is impaired in the heat, attributed to a lower cardiac output (Gonzélez-Alonso &
Calbet, 2003) and increases in core temperature limiting VOapeak (Arngrimsson et al., 2004). Others, however,
observed no reduction in VOaxpeak (Rowell et al., 1965; Schlader et al., 2011; Tyka et al., 2010) or even an
increase (Kuo et al., 2021; Lafrenz et al., 2008), possibly related to the short duration of the test (Rowell,
1974). The characteristics of the participants, who are physically active but not habituated to cycling exercise,
must also been taken into account. In this context, it is possible that in TEMP, the exercise tests were
terminated as a consequence of fatigue in the locomotor muscles instead of cardiopulmonary exhaustion. In
our study, we observed, not only submaximal, but also at peak level a higher HR, so that the O, pulse (oxygen
consumption per heart beat) is equal at GET, RCP and peak in both environmental conditions. Clearly, further
investigation on the effects of acute heat exposure on limitations of exercise performance is required.

In conclusion, acute short-term heat exposure, by means of increased ambient air temperature, does impact
RT and LT expressed in PO or HR, determined from a ramp (30 W-min) or step (40 W-3 min!) incremental
exercise test. Results regarding the outcomes of exercise tests in heat are still diverse and cannot be
generalized without taking into account the underlying components, as consistency in methodology of
exercise testing, threshold determination and specific environmental conditions are key. Based on PO and/or
physiological values (HR, BLa” and VO,) obtained from one exercise test in heat, translation to practice
remains complicated. However, given the large variation in response to heat exposure (see Fig.1), even a
short incremental exercise test with acute heat exposure can give valuable insight on the acute heat response
of an athlete. Yet, performing exercise tests in a broad range of environmental conditions provide the

opportunity to gather useful information for sports scientists and coaches to optimize exercise prescription



376  and monitoring exercise intensity in moderate physically active individuals. Therefore, every case has to be

377  (re)viewed individually by an experienced staff, so that optimal training outcomes can be achieved.
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Table 1 Power output (PO) and heart rate (HR) at which the exercise thresholds occurred in RAMP and STEP
for TEMP and HOT in order of appearance

Threshold method Power output Heart rate
18°C 36°C A ES 18°C 36°C A ES
PO (W) PO (W) % HR (bpm) HR (bpm) %

RAMP
GET 198 + 26 193 27 29 031 142 +9 154 £9 * 86 195
RCP 240 £33 242 27 09 0.10 163 +10 171+£8* 51 1.26

STEP
Log-log NP 159 £ 20 155 +19 23 027 130+9 136+ 7 47 104
LT; D 166 + 22 156 £21 * -57 062 132+8 136+ 8 2.8 0.66
Bsin + 0.5 NP 179 24 166 21 * 70 0.79 137+8 139+8 16 038
OBLA 2.0™ 185 + 38 164+33* -11.1 081 139+ 11 139+ 11 04 007
Bsin + 1.0 NP 201 +31 186 + 25 * 76 076 146 7 147 +8 08 022
OBLA 2.5 204 + 40 186 +30 * 8.7 071 147 £ 10 147 £9 02 004
Bsin + 1.5 NP 216 £33 202 £29 * 6.7 0.66 152 +10 1539 0.8 0.9
OBLA 3.0 FX 218 + 40 203+32* 6.9 0.59 152+ 8 153 +9 09 024
Dmax NP 218+23 207 +23 * 49 066 152 +9 155+7 2.0 0.54
OBLA 3.5 229 £39 215432 * 5.8 053 156 +9 158 +8 13 032
Exp-Dmax NP 231+25 217 £23 * 6.0 0.81 157 +8 159+ 7 1.0 030
OBLA 4.0 FX 238 +37 226+30 * 50 0.50 160 +9 162 +8 1.4 037
ModDmax NP 240 £ 30 226+28 * 6.0 0.71 161+9 162+7 0.8 023
Log-Poly-ModDmax NP 241 + 26 231425* 43 057 161+9 164 +7 19 051
LT, D 246 + 31 232+33* -55  0.60 162 +8 164 +7 07 021
Log-Exp-ModDmax™P 250 + 28 236+26* -55 0.73 164 +9 166+ 7 1.1 030

Values are mean * standard deviation (SD) for n = 11 participants. Effect size (ES) is calculated and significant differences
are marked (*) for p < 0.05. In STEP, a distinction has been made between individual ("?) an fixed value (?*) lactate
threshold methods
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Fig. 1 Mean (big dots) and individual (small dots) difference in PO between 18°C and 36°C for all determined
exercise thresholds; two respiratory thresholds, GET and RCP, in RAMP and 16 lactate thresholds in STEP. Mean
difference of all exercise thresholds within the individual is displayed as Individual mean A.
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Fig. 2 Scatterplots showing the relationship between all 198 (11 participants x 18 exercise thresholds) unique
thresholds determined in 18°C for (A) absolute and (B) relative PO and the PO difference between 18°C and 36°C
for the determined threshold.



