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• Human interaction with the environment
– Thermal environment and thermal indices

• Link to physiological strain and performance

• Endurance performance in the heat
– Thermal and cardiovascular strain

• Maximal/peak aerobic capacity
– Hydration status

• Heat mitigation
– Heat acclimation approaches
– Adaptations kinetics and practical considerations 
– Cooling intervention and practical considerations 

Overview
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Human interaction with the environment
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Human thermal environment

Environmental parameters Task dependent parameters

Environmental characteristics:
• Wet-bulb globe temperature (WBGT)

- Wet-bulb temperature
- Dry-bulb temperature
- Black-globe temperature

• Heat Index, Humidex, Universal 
thermal climate index (UTCI)

Human heat stress index (HSI)
• Integrates ambient conditions, 

work rate and clothing
• Partitional calorimetry
• HSI = Ereq/Emax
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Physiological strain and performance

• WBGT: Wet-bulb globe temperature
• Twb: Wet-bulb temperature
• Tdb: Dry-bulb temperature
• Tbg: Black-globe temperature
• Heat Index
• Humidex 
• UTCI: Universal thermal climate index
• HSI: heat stress index

Périard et al. (2023) Med Sci Sport Exerc
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Physiological strain and performance

Repeated-measures correlation 
- Thermal indices (●)
- Independent factors (○)
“-” Negative correlation

• HSI was integrative index most strongly associated with both mean Tgi & HR 
• Tgi correlated with HSI … but not WBGT (widely used in sport)

Périard et al. (2023) Med Sci Sport Exerc
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Endurance performance in the heat
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40 km cycling time trial
HOT: 35°C, 60% RH
COOL: 20°C, 40% RH
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Périard et al. (2011) Exp Physiol

Endurance performance in the heat
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40 km cycling time trial
HOT: 35°C, 60% RH
COOL: 20°C, 40% RH
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↑ Thermal strain → ↑ Cardiovascular strain (↓VO2peak) → ↓ Sustainable power output
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Endurance performance in the heat
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Maximal oxygen uptake – heat stress

68% 81%

Rowell (1974) Physiol Rev 

Cool Hot

• Same absolute work rate (e.g. 200 W = 2.5 L.min-1)
• Greater relative intensity (%VO2max)

Fick Equation
VO2max = Q x a-vO2diff

Q = HR x SV

10
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• Proportional relationship between mean body temperature and VO2max
in both men and women exercising in the heat

25N: 25°C without warm-up 
25A: 25°C with a 20-min warm-up 
35A: 35°C with warm-up (35A)
40A: 40°C with warm-up 
45N: 45°C without warm-up 
45A: 45°C with warm-up 
45P: 45°C with passive heating to core temperature of 45A

Maximal oxygen uptake – heat stress

11

Nybo et al. (2001) J Appl PhysiolSawka et al. (1985) J Appl Physiol

Hypo = 4%,  Hyper = 38.5ºC & 37ºC

↓ Plasma volume
↑ Plasma [Na+]

↓ systemic and regional perfusion & O2 delivery
↑ glycogenolysis and anaerobic metabolism 

Maximal oxygen uptake – heat & hydration

• Hydration strategy dictated by:
- Nature of the task (intensity & duration)
- Ambient conditions and fluid availability
- An understating of fitness and acclimation status

12
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Heat mitigation
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Heat training

Heat acclimation
Artificial environment

(indoor/laboratory training)

Heat acclimatisation
Natural environment

(outdoor/field training)

Self-paced 
exercise

Activity

Conditions

Duration

Cycle or run at self-
selected work rate

Outdoor: variable
Indoor: 35 to 40ºC,

20 to 80% RH

60 to 90 min

Constant work 
rate exercise

Activity

Conditions

Duration

Cycle or run at 
constant work rate 
(e.g. 185 W or 15 km/h) 

Outdoor: variable
Indoor: 35 to 40ºC,

20 to 80% RH

60 to 90 min

Passive
heating

Activity

Conditions

Duration

Water immersion
Sauna bathing

Water: ~40ºC 
Sauna: 70 to 90ºC

Water: 30 to 60 min
Sauna: 15 to 30 min

Post-exercise
heating

Activity

Conditions

Duration

Water immersion
Sauna bathing

Water : ~40ºC 
Sauna: 70 to 90ºC

Water: 20 to 40 min
Sauna: 10 to 20 min

Controlled 
hyperthermia

Activity

Conditions

Duration

Exercise/rest to attain 
and maintain a core 
temperature of ~38.5ºC

35 to 40ºC,
20 to 80% RH

60 to 90 min

Controlled 
heart rate

Activity

Conditions

Duration

Exercise to attain and 
maintain a given heart 
rate (e.g. 65% VO2peak)

Outdoor: variable
Indoor: 35 to 40ºC

20 to 80% RH

60 to 90 min

Périard et al. (2021) Physiol Rev 

Heat training protocols

14
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Périard et al. (2021) Physiol Rev

Heat adaptations and functional consequences
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Heat acclimation – Adaptations

16
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Racinais et al. (2015) Med Sci Sports Exerc

43 km cycling time trial
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Heat acclimatisation – cycling performance
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17

Heat acclimation – Elite athlete considerations

18
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Week 3 Week 2 Week 1 Taper week Competition week

HE HE HE HE HE HE Heat acclimatisation

Travel

Arriving early to competition venue

Arriving late to competition venue

Week 3 Week 2 Week 1 Taper week Competition week

HE HE

TravelWeek 4

Heat acclimation HE

Week 5

Week 2 Week 1 Taper week Competition weekTravel

Heat acclimation

HE HE HE

Taper week Competition week

Heat acclimatisation

TravelWeek 2 Week 1Week 3

Heat acclimation

Week 4

Maintenance

Maintenance

Maintenance

Maintenance

HE (heat exposure) = Unique exposure conducting non-key workout (e.g. ≥60 min, 40ºC & 40% RH ), or clamped heat rate protocol (e.g. 85% HRmax, ≥60 min, 40ºC & 40% RH ), or passive heating post-workout in the cool (e.g. 20 to 45 min, sauna ~80ºC or hot bath 40ºC)
Heat acclimation = Daly exposures for 7 to 14 days of clamped heat rate protocol (e.g. 85% HRmax, ≥60 min, 40ºC & 40% RH ), or non-key workouts (e.g. ≥60 min, 40ºC & 40% RH ), or passive heating post-workout in the cool (e.g. 20 to 45 min, sauna ~80ºC or hot bath 40ºC)
Heat acclimatisation = Training outdoors at the competition venue in the heat, avoiding the hottest part of the day when doing key workouts.
Maintenance = Heat acclimation/acclimatisation adaptations maintained through competing and conducting training sessions in the outdoor heat.

HE

HE HE HE

Week 4

HE HE

A

B

C

D• HE - heat exposure: Unique exposures
• Heat acclimatisation: Training outdoors at competition venue in the heat
• Maintenance: Heat acclimation/acclimatisation adaptations maintained through training 

in outdoor heat
• Heat acclimation: Daily exposures for 5 to 10 days using different approaches

Week 3 Week 2 Week 1 Taper week Competition week

HE HE HE HE HE HE Heat acclimatisation

Travel

Arriving early to competition venue

Arriving late to competition venue

Week 3 Week 2 Week 1 Taper week Competition week

HE HE

TravelWeek 4

Heat acclimation HE

Week 5

Week 2 Week 1 Taper week Competition weekTravel

Heat acclimation

HE HE HE

Taper week Competition week

Heat acclimatisation

TravelWeek 2 Week 1Week 3

Heat acclimation

Week 4

Maintenance

Maintenance

Maintenance

Maintenance

HE (heat exposure) = Unique exposure conducting non-key workout (e.g. ≥60 min, 40ºC & 40% RH ), or clamped heat rate protocol (e.g. 85% HRmax, ≥60 min, 40ºC & 40% RH ), or passive heating post-workout in the cool (e.g. 20 to 45 min, sauna ~80ºC or hot bath 40ºC)
Heat acclimation = Daly exposures for 7 to 14 days of clamped heat rate protocol (e.g. 85% HRmax, ≥60 min, 40ºC & 40% RH ), or non-key workouts (e.g. ≥60 min, 40ºC & 40% RH ), or passive heating post-workout in the cool (e.g. 20 to 45 min, sauna ~80ºC or hot bath 40ºC)
Heat acclimatisation = Training outdoors at the competition venue in the heat, avoiding the hottest part of the day when doing key workouts.
Maintenance = Heat acclimation/acclimatisation adaptations maintained through competing and conducting training sessions in the outdoor heat.
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Saunders et al. (2019) Int J Sport Nutr Exerc Metab

Heat acclimation – Considerations (early)
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Week 3 Week 2 Week 1 Taper week Competition week

HE HE HE HE HE HE Heat acclimatisation

Travel

Arriving early to competition venue

Arriving late to competition venue
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Heat acclimation

HE HE HE

Taper week Competition week

Heat acclimatisation

TravelWeek 2 Week 1Week 3

Heat acclimation

Week 4

Maintenance

Maintenance

Maintenance

Maintenance

HE (heat exposure) = Unique exposure conducting non-key workout (e.g. ≥60 min, 40ºC & 40% RH ), or clamped heat rate protocol (e.g. 85% HRmax, ≥60 min, 40ºC & 40% RH ), or passive heating post-workout in the cool (e.g. 20 to 45 min, sauna ~80ºC or hot bath 40ºC)
Heat acclimation = Daly exposures for 7 to 14 days of clamped heat rate protocol (e.g. 85% HRmax, ≥60 min, 40ºC & 40% RH ), or non-key workouts (e.g. ≥60 min, 40ºC & 40% RH ), or passive heating post-workout in the cool (e.g. 20 to 45 min, sauna ~80ºC or hot bath 40ºC)
Heat acclimatisation = Training outdoors at the competition venue in the heat, avoiding the hottest part of the day when doing key workouts.
Maintenance = Heat acclimation/acclimatisation adaptations maintained through competing and conducting training sessions in the outdoor heat.
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Week 3 Week 2 Week 1 Taper week Competition week

HE HE HE HE HE HE Heat acclimatisation
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Arriving early to competition venue

Arriving late to competition venue

Week 3 Week 2 Week 1 Taper week Competition week
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Heat acclimation HE

Week 5

Week 2 Week 1 Taper week Competition weekTravel

Heat acclimation

HE HE HE

Taper week Competition week

Heat acclimatisation

TravelWeek 2 Week 1Week 3

Heat acclimation

Week 4

Maintenance

Maintenance

Maintenance

Maintenance

HE (heat exposure) = Unique exposure conducting non-key workout (e.g. ≥60 min, 40ºC & 40% RH ), or clamped heat rate protocol (e.g. 85% HRmax, ≥60 min, 40ºC & 40% RH ), or passive heating post-workout in the cool (e.g. 20 to 45 min, sauna ~80ºC or hot bath 40ºC)
Heat acclimation = Daly exposures for 7 to 14 days of clamped heat rate protocol (e.g. 85% HRmax, ≥60 min, 40ºC & 40% RH ), or non-key workouts (e.g. ≥60 min, 40ºC & 40% RH ), or passive heating post-workout in the cool (e.g. 20 to 45 min, sauna ~80ºC or hot bath 40ºC)
Heat acclimatisation = Training outdoors at the competition venue in the heat, avoiding the hottest part of the day when doing key workouts.
Maintenance = Heat acclimation/acclimatisation adaptations maintained through competing and conducting training sessions in the outdoor heat.

HE

HE HE HE

Week 4

HE HE

A

B

C

D

Saunders et al. (2019) Int J Sport Nutr Exerc Metab

Heat acclimation – Considerations (late)

• HE - heat exposure: Unique exposures
• Heat acclimatisation: Training outdoors at competition venue in the heat
• Maintenance: Heat acclimation/acclimatisation adaptations maintained through training 

in outdoor heat
• Heat acclimation: Daily exposures for 7 to 14 days using different approaches

20
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Périard et al. (2021) Physiol Rev

Cooling techniques – practical considerations

21

• Human interaction with the environment
– Thermal environment: 4 environmental and 2 personal parameters 
– Heat stress index: integrative index most strongly related to thermal and 

cardiovascular strain…use to expand on UCI extreme weather protocol

• Endurance performance in the heat
– Heat stress increases thermal and cardiovascular strain → impairs performance

• Progressive reduction in VO2peak and increase in relative intensity for given work rate
– Dehydration exacerbates thermal and cardiovascular strain → precipitates fatigue 
– Hydration strategy: individual (fitness, acclimation) and context (task, conditions) 

specific

• Heat mitigation
– Heat acclimation for elite cyclists: 

• Adapt to training/competition schedule, availability of resources and predicted 
weather → using a variety of approaches

– Cooling interventions for elite cyclists: 
• Identify what works in different setting → combine different approaches

Take home messages

22
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Graphical summary

Exercise under heat stress: thermoregulation, hydration, performance 
implications and mitigation strategies
Julien D. Périard, Thijs M.H. Eijsvogels, and Hein A.M. Daanen
https://t.co/kS1mfxkvlW?amp=1
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Thank you

@DrJPeriard
@EnvPhysiolLab

Email: Julien.Periard@canberra.edu.au
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