
ABSTRACT 1 

PURPOSE 2 

To determine whether combining training in heat with ‘Live 3 

High, Train Low’ hypoxia (LHTL) further improves 4 
thermoregulatory and cardiovascular responses to a heat 5 
tolerance test compared to independent heat training.   6 

METHODS 7 

Twenty-five trained runners (VO2peak = 64.1 ±8.0 ml·min·kg-1) 8 
completed three-weeks training in one of three conditions: 1) 9 

Heat training combined with LHTL (H+H; FiO2 =14.4% (3000 10 
m), 13 h·day-1; train at <600 m, 33°C, 55% RH); 2) heat 11 
training (HOT; live and train <600 m, 33°C, 55% RH); 3) 12 
temperate training (CONT; live and train <600 m, 13°C, 55% 13 
RH).  Heat adaptations were determined from a 45 min heat 14 

response test (33°C, 55% RH, 65% vVO2peak) at baseline, 15 
immediately, one and three weeks’ post exposure (Baseline, 16 
Post, 1wkP and 3wkP, respectively).  Core temperature, heart 17 
rate, sweat rate and sodium concentration, plasma volume, and 18 

perceptual responses were analysed using magnitude based 19 
inferences. 20 

RESULTS 21 

Submaximal heart rate (ES= -0.60(-0.89; -0.32)) and core 22 

temperature [ES= -0.55(-0.99; -0.10)] were reduced in HOT 23 
until 1wkP.  Sweat rate [ES= 0.36(0.12; 0.59)] and sweat 24 
sodium concentration [ES= -0.82(-1.48; -0.16)] were 25 

respectively increased and decreased until 3wkP in HOT.  26 
Submaximal heart rate [ES= -0.38 (-0.85; 0.08)] was likely 27 
reduced in H+H at 3wkP, whilst CONT had unclear 28 

physiological changes.  Perceived exertion and thermal 29 
sensation were reduced across all groups. 30 

CONCLUSIONS 31 

Despite greater physiological stress from combined heat 32 
training and LHTL, thermoregulatory adaptations are limited in 33 
comparison to independent heat training.  The combined 34 

stimuli provides no additional physiological benefit during 35 
exercise in hot environments.    36 

 37 
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 42 

INTRODUCTION 43 

 44 

Exercise in environments such as hypoxia or heat acutely 45 
increases physiological strain and reduces performance 46 

capacity1-3.  Repeated exposure to hypoxia drives 47 
haematological and muscular adaptations to improve aerobic 48 
capacity in both hypoxic and normoxic environments 4.   Heat 49 
training and acclimation reduces thermal and cardiovascular 50 
strain during exercise; predominantly, via reduced core 51 

temperature, increased plasma volume (PV), increased sweat 52 
rate and earlier sweat onset3. The benefits of both heat and 53 

hypoxia can last for several weeks following exposure 6,7.  As 54 
heat and hypoxia have similar adaptive response pathways8, 55 
investigators have recently explored the potential additive 56 
effect of combining heat and hypoxia to enlarge physiological 57 

adaptations and delay the decay of these responses 2,9. 58 
 59 

An initial study in team sport athletes combined heat training 60 
and  ‘Live High, Train Low’ (LHTL) hypoxia during a pre-61 
season camp, and reported a sustained increase in PV and 62 

haemoglobin mass (Hbmass) compared to heat training alone 9.  63 

Conversely, a  recent study in endurance athletes demonstrated 64 
that adding LHTL to isothermally controlled heat acclimation 65 
had no additional physiological benefit 2.  However, the 66 

hypoxic dose supplied was reduced compared to previous 67 
LHTL studies reporting physiological and performance benefits 68 

in endurance athletes 10,11.  Therefore, the resulting 69 
physiological responses to combined heat training with LHTL 70 
hypoxia in endurance athletes is relatively unknown. 71 

 72 
The positive interactions between heat and hypoxia have been 73 
suggested to result from the activation of similar cellular 74 

protective pathways, with heat shock proteins (Hsp) and 75 

hypoxic-inducible factor 1α (HIF-1α) proposed to be key 76 

metabolic links 8.  The highly inducible Hsp70/72 family are 77 
elevated immediately following acute heat or hypoxic exposure 78 
12, as well as periods of heat acclimation13, and assist in the 79 
stabilisation of HIF-1α 8 during cellular stress.  Activating the 80 
HIF-1α pathway signals the release of erythropoietin and 81 

vascular endothelial growth factor (VEGF) to promote 82 
angiogenesis, increasing muscle oxygen delivery in hypoxia 83 

and potentially increasing skin blood flow in hot environments 84 
8.  However, not all responses are similar, with heat exposure 85 
eliciting hemodilution effects, and hypoxia promoting 86 
hemoconcentration14.  Research these interactive heat and 87 

hypoxic acclimation pathways in endurance athletes is 88 

currently limited. 89 



 90 
The potential physiological benefits of combined heat training 91 
and LHTL warrants further research. Specifically, the potential 92 
physiological outcomes during exercise in a hot environment.  93 
Therefore, this study aimed to investigate the appearance and 94 

decay of thermal, cardiovascular and biochemical responses in 95 
endurance athletes following three weeks of heat training with 96 
or without LHTL, compared to temperate training alone.  It was 97 
hypothesised that heat training would reduce heat strain during 98 
a heat response test, and LHTL would enhance 99 

thermoregulatory and cardiovascular responses, and have less 100 
decay in the following weeks. 101 

 102 
METHODS 103 
 104 
Experimental Overview 105 
This study incorporated a multicentre, parallel, matched group 106 

experimental design, as part of a larger project investigating the 107 
effects of combined heat and hypoxia on temperate 108 
performance in trained runners 15.  Twenty-five trained male 109 
and female runners were assigned into one of three groups: 1) 110 

Heat training plus LHTL hypoxia (H+H); 2) heat training with 111 
no hypoxic exposure (HOT); or 3) temperate training only 112 

(CONT) (Figure 1).  Baseline characteristics are presented in 113 

Table 1, with participants matched on prior training load, peak 114 

oxygen uptake (VO2peak) and associated velocity (vVO2peak), 115 
and then randomly assigned to groups (coin toss/number) based 116 

on geographic location by an independent associate.  117 
Participants completed a three-week training period, 118 
incorporating 3 x 90 min treadmill sessions per week in their 119 

allocated environmental conditions, followed by three-weeks 120 
living and training in normoxic, temperate conditions.  Testing 121 
was conducted prior, immediately post, one week and three 122 

weeks following the exposure period (Baseline, Post, 1wkP and 123 
3wkP, respectively).   124 

 125 

INSERT FIGURE 1 HERE 126 

INSERT TABLE 1 HERE 127 
 128 
Participants had ≥2 y competitive running experience and 129 

regularly completed 10–20 h of weekly training.  An additional 130 
three participants were not included in the analysis due to 131 

illness (n=1) and incomplete fulfilment of testing requirements 132 
(n=2).  Due to logistical constraints, and to minimise the loss of 133 
heat acclimation benefits, menstrual cycle was recorded but not 134 

controlled.  All groups commenced with a mixture of menstrual 135 
phases (H+H: luteal (n=1), follicular (n=1), not menstruating 136 
(n=2); HOT: luteal (n=2), follicular (n=1); CONT: luteal (n=1), 137 

follicular (n=1)).  Considering the endurance-trained status of 138 
the female athletes, the mix of menstrual phases was 139 



anticipated to have minimal impact on heat acclimation 140 
responses 16.  No participant had any heat or hypoxic exposure 141 
during the four weeks prior, and all training and testing was 142 
conducted during the winter and spring months.  Prior to the 143 
study, participants were informed of all procedures and 144 

potential risks involved in the study and a written informed 145 
consent was obtained.  The study was approved by the Ethics 146 
Committee of the University of Technology Sydney (Trial no 147 
UTS HREC 2014000203). 148 
 149 

Training Details 150 
A normobaric hypoxic facility at the Australian Institute of 151 

Sport (AIS) was utilised for LHTL exposure.  Heat sessions 152 
were completed in a climatic chamber (Altitude Training 153 
Systems, Lidcombe, Australia) at either the University of 154 
Canberra or the New South Wales Institute of Sport (NSWIS) 155 
in Sydney.  The CONT group completed treadmill sessions in 156 

temperate conditions.  Environmental details and training 157 
sessions are outlined in Figure 1.  To replicate the demands of 158 
an athletes’ typical training program, training intensity was 159 
matched to individual vVO2peak, as determined at Baseline in 160 

temperate, normoxic conditions.  To maintain previous training 161 
load, participants completed additional low intensity aerobic 162 

training in normoxic, temperate conditions throughout the 163 

study.  Training load (AU) for all sessions was monitored using 164 

the session rating of perceived exertion (sRPE) method, 165 
calculated as the product of training duration (min) and the 166 

mean training intensity (RPE, CR-10) 17.   167 

 168 

Incremental treadmill test  169 
An initial incremental test was completed on a calibrated 170 

motorised treadmill for assessment of VO2peak and vVO2peak 171 
(Canberra; custom-built motorised treadmill, AIS. NSWIS: 172 
Payne Treadmill, Stanton Engineering, Girraween, Australia).  173 

Briefly, starting speed was increased by 1 km·h-1 each minute 174 

for 4 min, after which gradient was increased 1% every minute 175 
until volitional exhaustion was reached.  Heart rate (HR; 176 
Suunto T6, Vantaa, Finland) and oxygen consumption 177 

(Canberra: in-house automated metabolic system; NSWIS: 178 
Moxus Modular Metabolic System, AEI Technologies, 179 
Pittsburgh, USA) were measured continuously and averaged 180 
into 30 s periods for analysis. 181 
 182 

Heat Response Test  183 
The heat response test involved a 45 min treadmill run (33°C, 184 
55% RH, 65% vVO2peak), followed by 30 min passive recovery 185 
and was completed as session one (Baseline), session nine 186 

(Post), as well as 1wkP and 3wkP.   To allow a direct 187 
comparison to Baseline, there was no adjustment to intensity 188 



across the testing sessions and tests were completed at the same 189 
location and a similar time of day.  Upon arrival, participants 190 
rested in a supine position for 20 min in a temperate 191 
environment (21°C), then gave a blood sample from the 192 
antecubital vein.  Participants provided a urine sample to 193 

determine urine specific gravity (UG1, Atago Co., Ltd, Tokyo, 194 
Japan) and osmolality (Model 3250 Osmometer, Advanced 195 
Instruments Inc, Norward, USA).  A pre-test urine osmolality 196 
below 700 osmol·kg-1 and urine specific gravity below 1.020 197 
was considered a euhydrated state18.  Participants’ drank water 198 

ad libitum until test commencement.  No fluid was consumed 199 
during the test, with pre- and post-body mass measured in 200 

minimal clothing for estimation of sweat rate (Digi DI-160, 201 
Wedderburn, Ingleburn, Australia).  An adhesive sweat patch 202 
(Tegaderm+ Pad, 3M Health Care, Borken, Germany) was 203 
attached to the upper side of the right scapular, and analysed for 204 
sweat sodium concentration ([Na]sweat; Cobras 400 Plus, Roche 205 

Diagnostics Ltd, Rotkreuz, Switzerland).  Heart rate (HR, 206 
Suunto T6, Vantaa, Finland) and core temperature (Squirrel 207 
Data logger, Grant Instruments, Cambridge, UK) were recorded 208 
continuously, with core temperature measured via a 209 

temperature probe (Mon-a-therm, Mansfield, USA) inserted 10 210 
cm beyond the anal sphincter.  Skin temperature was recorded 211 

in one minute averages via thermal sensors (Thermochron 212 

iButton, Maxim Integrated, San Jose, USA) attached to four 213 

different sites (chest, forearm, thigh, calf).  The weighted mean 214 
skin temperature was calculated according to Ramanathan 19.  215 

Core temperature, heart rate and skin temperature were 216 
analysed as mean values during exercise.  Perceptual measures 217 
of thermal sensation 20, and a rating of perceived exertion 218 

(RPE, CR-10) 21 were assessed every 10 min and at the 219 
conclusion of exercise, and combined into a mean value for 220 
analysis.   221 

 222 

Blood Biochemistry 223 
A venous blood sample was taken from the participant’s 224 

antecubital vein in the three weeks prior to study 225 

commencement for blood ferritin assessment (Vacuette®, 226 
Greiner Bio-One, Frickenhausen, Germany).  Collected 227 
samples were centrifuged at 3000 rpm, 4°C, for 10 min (2-16K, 228 

Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany), 229 
and transported for same day commercial biochemical analysis 230 

(NSWIS: Douglass Hanly Moir Pathology, Macquarie Park, 231 
Australia; Canberra: AIS Biochemisty Laboratory).  232 
Participants with levels <100 ug·L-1 were provided a daily oral 233 

iron supplement for the study duration (Ferrograd C, 325 mg 234 
dried ferrous sulphate + 562.4 mg sodium ascorbate; Abbott, 235 
Botany, Australia). 236 

 237 



Resting venous blood samples were taken prior to each heat 238 
response test for determination of Hsp70 and VEGF.  Samples 239 
were centrifuged, separated into 500 µL plasma aliquots, and 240 
stored at -80°C for later analysis via enzyme-linked 241 
immunosorbent assay (ELISA) kits according to 242 

manufacturer’s instructions (Hsp70: ADI-ESK-715, Enzo Life 243 
Sciences Inc., Farmingdate, USA, CV = 7.1%; VEGF: DVE00, 244 
R&D Systems Inc., Minneapolis, USA, CV = 5.4%).  Assays 245 
were conducted on a SpectraMax 190 microplate reader 246 
(Molecular Devices LLC, Sunnyvale, USA).  Prior to analysis, 247 

measures were adjusted for plasma volume differences 22. 248 

 249 

Plasma and Blood Volume 250 

Plasma volume (PV) and blood volume (BV) were indirectly 251 
calculated by the optimized CO rebreathing procedure (OSM3, 252 
Radiometer, Copenhagen, Denmark) 23. Haemoglobin mass 253 

(Hbmass) was additionally measured, with detailed methods and 254 
results previously reported15. Baseline values were averaged 255 

into a single time point for analysis, with the typical error of 256 
measurement (TE) for PV calculated at 3.6% (2.8 – 4.8%, 90% 257 
confidence limits). 258 

 259 
Statistical Analysis 260 
Data was assessed according to magnitude based-inferences 24.  261 

Data were log-transformed for analyses, to reduce bias from 262 
any non-uniformity of error, and back-transformed to obtain 263 
changes in means and variation as percent.  Data are presented 264 

as means with 90% confidence limits (CL) unless otherwise 265 
stated.  Mean percent change (±90% CL) for variables were 266 

calculated as the difference from H+H and HOT compared to 267 
CONT.  Effects were deemed unclear if the confidence interval 268 

overlapped the thresholds for the smallest positive and negative 269 
effects, with clear effects assessed as following: > 25-75%, 270 

possible; > 75-95%, likely; >95-99%, very likely; > 99%, 271 
almost certain.  The smallest worthwhile change was calculated 272 
as a standardised small effect size (ES=0.2) multiplied by the 273 
pre-test between-subject standard deviation (SD) 25.  Typical 274 
error of measurement for outcome measures were calculated 275 

from the SD of the change scores divided by the mean and 276 
presented as a coefficient of variation (%).   277 
 278 

RESULTS 279 

Environmental Exposure and Training Load 280 

Both HOT and H+H received 13.5 h total heat during the three-281 
week exposure period, with CONT receiving 2.5 h.  All groups 282 
received 2.5 h heat during the following three weeks from 283 



subsequent heat response tests.  Specific training load 284 
information is described elsewhere 15, however it should be 285 
noted that there were no clear training load differences between 286 
groups across the six-week study duration. 287 

 288 

Heat Response Test 289 

Physiological Measures 290 

All comparative changes are relative to Baseline.  Heart rate 291 
was most likely reduced in HOT at Post, however was unclear 292 

by 3wkP (Figure 2).  There was a possible HR decrease at Post 293 
in H+H, and a likely reduction at 3wkP.  Table 2 shows that 294 
HR was most likely and likely reduced at Post in HOT when 295 
compared to CONT and H+H, respectively.  This difference 296 
was also evident 1wkP (CONT: very likely, H+H: likely), but 297 

became unclear by 3wkP.   298 

 299 

INSERT FIGURE 2 HERE 300 

 301 

Within group measures are outlined in Table 2, and between 302 
group comparisons are displayed in Figure 3.  Of note, core 303 
temperature was lowered in HOT at Post, remaining likely 304 

reduced at 1wkP but unclear at 3wkP.  Sweat rate was likely 305 
increased in HOT at 1wkP and 3wkP.  Skin temperature was 306 

likely increased in H+H at Post and most likely higher at 3wkP, 307 
while HOT was possibly reduced at Post and 1wkP. There was 308 
a likely decrease in [Na]sweat in HOT across each time point.  309 
[Na]sweat in H+H was very likely lowered at Post, remaining 310 

possibly reduced at 1wkP and 3wkP. 311 

 312 

INSERT TABLE 2 AND FIGURE 3 HERE 313 

 314 

Perceptual Measures 315 

RPE was likely and very likely reduced in H+H and HOT 316 

respectively at Post and 1wkP, and further reduced at 3wkP in 317 
both groups (Table 2).  Despite CONT being unclear at Post, 318 
RPE was reduced at 1wkP and 3wkP.  Thermal sensation 319 
decreased at each time point in HOT and H+H, while CONT 320 
had reduced thermal sensation at 1wkP only.  The H+H group 321 

had a greater reduction Post compared to both HOT and 322 
CONT. 323 



Plasma and Blood Volume 324 

Plasma volume was possibly increased by 3.8 ±6.0% in HOT 325 
[ES= 0.13(-0.07; 0.34)] from Baseline to Post, which was 326 
possibly higher when compared to H+H [ES= 0.23(-0.08; 327 
0.54)] and CONT [ES= 0.17(-0.13; 0.47)].  At 1wkP, HOT 328 
remained possibly greater than H+H [ES= 0.22 (-0.05; 0.50)], 329 

but at 3wkP there were no differences between any groups.  A 330 
small BV increase in HOT produced a possibly greater increase 331 
compared to H+H by 3.7 ±5.4% at Post [ES= 0.14(-0.06; 332 
0.35)].   333 

Hsp70 and VEGF 334 

The H+H group had a likely decrease in Hsp70 from Post to 335 

3wkP [ES= -0.48(-0.87; -0.09)], resulting in a likely reduction 336 
at 3wkP relative to Baseline [ES= -0.42(-0.91; 0.06)].  Changes 337 
were unclear in HOT and CONT, with no clear between group 338 
differences.  All between and within group changes in VEGF 339 

were unclear or likely trivial. 340 

 341 

DISCUSSION 342 

Despite HOT and H+H receiving the same exposure to heat, the 343 

addition of LHTL to heat training negated some 344 
thermoregulatory adaptations during submaximal running in a 345 

hot environment.  HOT elicited cardiovascular and thermal 346 
adaptations, including a reduction in submaximal HR, core and 347 
skin temperature. Sweat responses in HOT were enhanced up to 348 

3wkP through changes to sweat rate and [Na]sweat, supporting 349 
the concept that the slowest appearing adaptations also have the 350 
slowest decay6. In support of our hypothesis, incorporating nine 351 

heat interval-training sessions across three-weeks sufficiently 352 
elicits heat acclimation adaptations and reduced heat strain 353 

during submaximal exercise in the heat.   354 

 355 

We hypothesised that the greater physiological strain from 356 
combined heat and LHTL, would accelerate the cardiovascular 357 

and thermoregulatory responses during a heat response test.  In 358 
contrast to our hypothesis, heat training and LHTL elicited no 359 
changes in core temperature, PV or sweat rate.  These findings 360 
differ to previous studies reporting similar heat adaptations 361 
following approximately 2 weeks of heat training or heat 362 

training combined with LHTL 2,9.  The different findings may 363 
relate to factors including participant training status and 364 
environmental dose.  Buchheit et al., 9 assessed team sport 365 

athletes in an early season training camp with a lower 366 
endurance training status compared to the current participants.  367 



However, Rendell et al., 2 examined well-trained endurance 368 
athletes, therefore the difference in our findings cannot be 369 
solely attributed to training status.  Alternatively, the total heat 370 
and hypoxic dose (13.5 h heat, 293 h hypoxia) may explain the 371 
differing results, with previous studies having a higher ratio of 372 

heat to hypoxic exposure; ie. 26.5 heat and 170 h hypoxia 373 
(~3000 m) over two weeks 9, 15 h heat and 100 h hypoxia 374 
(2400 m) over 11 days 2.   Another key difference between 375 
studies was the use of daily heat exposure in the previous 376 
studies, compared to an intermittent protocol in our study.  In 377 

the present study, heat exposure was limited to three sessions 378 
per week, and training sessions were conducted at a fixed 379 

intensity rather than a fixed thermal load.  Heat acclimation is 380 
suggested to be optimised with daily exposure and controlled 381 
thermal load 3. The prescription from temperate training 382 
intensity, combined with the intermittent heat exposure was 383 
designed to represent a practical training design that could be 384 

implement by coaches and athletes, utilising training 385 
prescription methods that are routinely incorporated into their 386 
training routine.  Nonetheless, the intermittent protocol utilised 387 
in the present study was adequate to elicit heat responses in the 388 

HOT group.  Considering the thermoregulatory responses were 389 
more prominent in the HOT group only, it is plausible the heat 390 

dose was not sufficient to overcome the hemoconcentration 391 

effects of the LHTL dose in the present study 14.   For example, 392 

PV did not change in H+H, compared to +6% increase in 393 
previous studies 2,9, indicating the current heat dose was only 394 

adequate to neutralise any associated hemoconcentration.  395 
Based on these observations, we suggest that if incorporating a 396 
large hypoxic dose into a heat-training block, an adjustment of 397 

heat exposure may be required to elicit complete 398 
thermoregulatory adaptations.  However, caution must be taken 399 
in regards to the overall stress applied to the athlete using this 400 

combined approach. 401 

 402 

In contrast to previous reports 8, our findings do not support the 403 
concept of heat and hypoxic cross-acclimation enhancing 404 
thermoregulatory adaptations during exercise in the heat.  405 
While H+H and HOT both demonstrated [Na]sweat conservation, 406 

sweat rate increases were only observed in the HOT group.   407 
Furthermore, skin temperature increased in H+H, indicating a 408 
reduction of heat dissipation.  These findings agree with 409 
Minson et al., 26 who reported acute hypoxia increases blood 410 
flow competition between the skin and splanchnic areas, 411 

resulting in reduced skin blood flow and sweat rate for a given 412 
core temperature.  Interestingly, H+H elicited [Na]sweat 413 

conservation, which is largely controlled during exercise by 414 
secretion of the hormone aldosterone from the sweat glands and 415 
kidneys 27.  While hypoxia is suggested to initially decrease 416 



aldosterone, levels have been reported to return to sea level 417 
concentrations after 12-20 days living in an hypoxic 418 
environment 28.  Given the 21 days of exposure in the present 419 
study, this may explain the [Na]sweat conservation despite no 420 
sweat rate changes.  However, with no direct measure of 421 

aldosterone, the impact of prolonged hypoxic exposure on 422 
sweat responses and thermoregulation during heat exposure 423 
warrants further investigation. 424 

 425 

Whilst it has been suggested that VEGF activation through the 426 
HIF-1α pathway is a key contributor between heat and altitude 427 

adaptations 8, there were no VEGF changes in any group in the 428 
present study.  Similarly, Hsp70 was unchanged in the HOT 429 
group throughout the study period.  Increases in extracellular 430 
Hsp72 have been reported after moderate and high intensity 431 

exercise in the heat 12, however no consensus exists on basal 432 
plasma Hsp70 responses following either heat or hypoxia 29.  A 433 
possible explanation for these observations may be due to the 434 
intermittent nature of the heat exposure in the current study, 435 

with Gibson et al.,30 demonstrating post-exercise increases in 436 
plasma Hsp72 returning to baseline by 24 h post.  However, the 437 
high individual variability of VEGF and Hsp70, combined with 438 

the relatively poor sensitivity of the ELISA kits, cannot be 439 

discounted as explanations for the few changes in these 440 
variables.   There was an unexpected reduction in Hsp70 at 441 
3wkP in H+H.  Whilst evidence is limited, lower extracellular 442 

Hsp70/72 following heat acclimation has been attributed to a 443 
reduction in cellular stress following removal of the heat 444 

stressor 29.  It is possible that the combined heat and hypoxia 445 
provides greater cellular stress, resulting in an increased 446 
reduction in cellular stress and Hsp70 requirements in the 447 
weeks following exposure.  However, with no other changes to 448 

Hsp70, we are unable to provide a clear mechanistic reasoning 449 
behind the reduction at 3wkP.   450 

 451 

Despite different thermoregulatory responses in each 452 
experimental group, thermal comfort and RPE were reduced 453 
across all groups.  The greater reduction in RPE and thermal 454 

comfort in H+H compared to HOT shows an uncoupling of 455 
physiology and perception.  Notably, despite the heat response 456 
tests being spread across six-weeks to minimize heat responses 457 
in CONT 31, RPE and thermal comfort were reduced at 1wkP in 458 
CONT.  This indicates that the short duration between Post and 459 

1wkP tests produced some perceptual adaptations.  These 460 
findings further highlight that a better understanding of 461 

athletes’ response to training stress occurs when a myriad of 462 
perceptual and physiological measures are taken 32.    463 



 464 

LIMITATIONS 465 

The influence of individual responses to both independent 466 

heat33 and hypoxia34 can have a limiting influence on the 467 
overall results, particularly with small group sizes.  The authors 468 
acknowledge the influence of individual results on the findings, 469 
and while steps were taken to minimise the influence of 470 
external factors such as iron status and training intensity on 471 

individual responses 34, further research is required to assess the 472 
overall influence of individual responses.  It should also be 473 
noted that blood ferritin assessment occurred only prior to 474 

study commencement, and as a result the authors can only 475 
assume based off previous research that iron absorption 476 
occurred in those athletes given iron supplementation35. 477 

 478 

PRACTICAL APPLICATIONS 479 

 For athletes preparing to train and compete in a hot 480 
environment, independent heat training provides a 481 
greater physiological adaptation than combined heat 482 

training and LHTL when applied in the protocol 483 

conducted in this study design 484 

 A multidimensional approach of physiological 485 

(cardiovascular, haematological, sweat responses)  and 486 
perceptual (RPE, thermal) measures should be 487 
considered when assessing the overall impact of heat 488 

and hypoxic training interventions. 489 

 LHTL and heat training accelerates physiological 490 

responses to training in a hot environment, but to no 491 
greater extent than independent heat training.  Coaches 492 

and sport scientists must consider the overall desired 493 
physiological outcomes prior to utilising different 494 
combinations of environmental stimuli to accelerate 495 

athletes physiological response to training. 496 

 497 

CONCLUSION 498 

This study illustrates that independent heat training produces 499 

different physiological adaptations to exercise in the heat, 500 

compared to combined heat training and LHTL hypoxia.  Core 501 

temperature, submaximal HR and sweat responses were 502 

impaired in the combined heat and LHTL group.  Further 503 

investigations are required to assess of cross-acclimation 504 

benefits are present with a greater heat and/or lowered hypoxic 505 

dose.  Additionally, the impact of training status on heat and 506 



LHTL adaptive responses needs to be assessed in order to 507 

provide a greater understanding for coaches and sport scientists 508 

implementing environmental stimuli into training programs.  509 

 510 
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Figure 1. Experimental design 668 
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Figure 2.  Changes in average heart rate during the heat 697 

response test, expressed as a percent change (%) from 698 
Baseline ±90% CL for H+H (A), HOT (B), and CONT 699 

(C).  *Likely within group difference from Baseline. 700 
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Figure 3.  Comparison of the physiological responses between 728 

interventions, expressed as the standardised difference 729 
in the change for HOT v H+H, H+H v CONT, HOT v 730 

CONT.  Responses include core temperature (Core 731 
Temp), skin temperature (Skin Temp), sweat sodium 732 

concentration ([Na]sweat) and sweat rate during the heat 733 
response test. 734 


