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Introduction 41 

During exercise in hot environments, heat stress refers to the thermal load imposed by 42 
environmental and metabolic conditions whereas heat strain refers to the physiological 43 
consequences of heat stress.1 The ability to monitor the heat strain of individuals in the field is 44 
an attractive proposition, as this would provide useful data on heat strain during training and 45 
competition, heat acclimatization status, and the effectiveness of interventions aimed at 46 
mitigating heat strain. A potential candidate is the physiological strain index (PSI), introduced 47 
by Moran and colleagues in 19982 as a novel and simple method of evaluating heat strain with 48 
potential for universal use.3 The PSI combines normalized increases in core temperature (TC) 49 
and heart rate (HR) to produce an instantaneous measure of strain on a 0-10 scale2,3. The PSI 50 
has demonstrated validity in discriminating between levels of heat strain during laboratory 51 
experimental manipulations of environmental heat,2 heat acclimation status,4 aerobic fitness 52 
status,4 hydration status,5 and exercise intensity levels.5 The merits of the PSI include its simple 53 
calculation, use of a 0-10 scale with ease of interpretation, sensitivity to rest and recovery 54 
periods, and potential for real-time use.3 By employing two physiological responses (i.e. TC 55 
and HR) that can be measured simultaneously in the field,6-8 the PSI offers utility as a heat 56 
strain monitoring tool for individuals performing in the natural environment.  57 

The external validity and utility of the PSI for trained and heat acclimatized individuals 58 
is currently limited by the upper TC and HR constraints of 39.5°C and 180 b·min-1, 59 
respectively; which serve to constrain TC and HR contributions to 0-5 values and their sum to 60 
a 0-10 scale. The original choice of these constraints is understandable since the PSI was 61 
developed and validated on databases of humans exercising in simulated laboratory heat where 62 
these physiological thresholds (i.e. TC 39.5°C and HR 180 b·min-1) are typical ethical ceiling 63 
end-points.2,4,5 Whilst these constraints may be appropriate for maintaining safety in laboratory 64 
studies, our premise is that they are too low for application to trained and heat acclimatized 65 
individuals who commonly exceed TC 39.5°C and HR 180 b·min-1. Widespread evidence of 66 
trained individuals exceeding TC 39.5°C and/or HR 180 b·min-1 during training and 67 
competition in a variety of sports exists (e.g. cycling,9,10 distance running,6,11 football 68 
codes,8,12,13 and tennis14). In 11 runners undertaking an 8 km running race in WBGT 26-28°C, 69 
Ely et al.7 observed that 100% of runners had peak TC >39.5°C (39.7-40.9°C) and peak HR 70 
was 186 (175-195) b·min-1. Unless the upper TC and HR constraints of the PSI are increased 71 
to accommodate these higher physiological responses, the PSI will over-estimate the heat strain 72 
of trained individuals, and their physiological responses could result in PSI ratings exceeding 73 
and invalidating the 0-10 scale. 74 

Endurance trained individuals have the potential to produce TC >39.5°C due to their 75 
higher rates of metabolic heat production15,16 and enhanced tolerance to high TC.17,18 The 76 
potential to produce HR >180 b·min-1 is due to this value representing a high but submaximal 77 
HR until >40 years of age,19,20 the high exercise intensities produced in training and 78 
competition7,8,10,12,21,22 and the elevated HR response associated with heat stress.1,23 Our 79 
premise is that modification of PSI TC and HR upper constraints is required to reflect the 80 
magnitude of the physiological responses produced by trained and heat acclimatized 81 
individuals in heat. Support for this premise was provided by Tikuisis et al.24 who reported that 82 
PSI and a perceptual strain equivalent were significantly different in trained (lower perceived 83 
strain) but not untrained individuals when the TC constraint was 39.5°C. This difference was 84 
eliminated in the trained sample when the TC constraint was raised to 40.1°C and the authors 85 
suggested adjusting the TC constraint to a more appropriate value for trained individuals.24 We 86 
propose that more appropriate upper TC and HR PSI constraints than 39.5°C and 180 87 
beats·min-1 are required to: i) ensure a PSI of 10 represents maximal physiological heat strain 88 
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Discussion 249 

The main finding of this study is that only when the PSI upper TC and HR constraints are 250 
modified (to 41.0°C and age-predicted maximal HR, respectively), does PSI quantify heat 251 
strain on a 0-10 scale for trained and heat acclimatized men undertaking competitive endurance 252 
exercise in outdoor heat. The original PSI constraints of TC 39.5°C and HR 180 b·min-1 were 253 
demonstrated as too low for this population, since almost two-thirds of our sample exceeded 254 
39.5°C, nearly three-quarters exceeded 180 b·min-1, and half the sample exceeded both. This 255 
resulted in 63% of the sample exhibiting heat strain that exceeded the 0-10 scale. Substituting 256 
the HR constraint of 180 b·min-1 for age-predicted maximal HR and employing higher fixed 257 
TC constraints, considered more relevant to a trained and heat acclimatized population, reduced 258 
or eliminated the proportion of individuals exceeding the 0-10 scale (i.e. 25% with 259 
PSI40.0/PHRmax, 8% with PSI40.5/PHRmax, and 0% with PSI41.0/PHRmax).  260 

The use of predicted or measured maximal HR as the upper PSI HR constraint is a 261 
logical and simple solution to the problem of individuals exceeding an arbitrary fixed value. 262 
We employed age-predicted maximal HR as we wished to test readily available PSI equations 263 
requiring no prior physiological testing. We observed no difference between measured and 264 
predicted maximal HR using the Nes et al.20 formula (mean difference = -1.5 (-4.3, 1.3) b·min-265 
1, P = 0.225, d = 0.30), with only two runners exceeding the age-predicted maximal HR during 266 
the race by 1-2 b·min-1. Furthermore, a comparison of the PSI HR component calculated with 267 
measured and predicted maximal HR revealed no differences in mean PSI HR (mean difference 268 
= -0.04 (-0.18, 0.09) units, P = 1.0, d = 0.09). Employing measured maximal HR may offer 269 
marginally greater sensitivity of the PSI, since the between-subject variability in maximal HR 270 
at a given age is approximately 7-11 b·min-1,19 whereas the within-subject variability in 271 
measured maximal HR is typically 3 b·min-1.28 Previous laboratory studies have computed PSI 272 
with measured maximal HR as the upper HR constraint to overcome the issue of individuals 273 
exceeding the 180 b·min-1 limit.24,29 Whilst the use of age-predicted maximal HR is a superior 274 
approach to the arbitrary 180 b·min-1 constraint, when available, the measured maximal HR 275 
should be employed as the upper HR constraint to provide greater individualisation of the PSI.  276 

The mean relative exercise intensity (%HRmax) observed in the current study was 90 277 
± 3 %, which is remarkably consistent with previous observations of HR during competitive 278 
21-km running in cooler environments, such as 91 ± 1 %,30 89 ± 3 %,30 and 91%.21 Heart rate 279 
was consistent throughout the race with a significant increase from 15-min only observed in 280 
the final minute of the race. Estimated cardiovascular drift from 15- to 90-min was minimal 281 
(i.e. 5 b·min-1 or 3 %) and would be predicted to reduce stroke volume by 2-3% and VO2peak 282 
by 5-6%.23 Our runners exhibited a reverse J-shaped pacing profile, characterised by an early 283 
slowing of pace and final end-spurt,25 which is typical of self-paced performance in heat.1 Such 284 
a strategy appears to have been successful in minimising cardiovascular drift and maintaining 285 
a cardiovascular reserve.23   286 

     The use of a fixed upper PSI TC constraint is appealing as it has practical value that 287 
would enable standardised comparisons within or between participants in a sport or between 288 
participants across sports. The original constraint of 39.5°C was demonstrated as too low for 289 
trained and heat acclimatized individuals competing in heat since we observed 63% of 290 
individuals exceeding this limit. In a laboratory study, Tikuisis et al.24 reported that 291 
physiological and perceptual strain were better aligned in trained individuals when the upper 292 
PSI TC constraint was 40.1°C rather than 39.5°C. However, our data suggest that a 40.0°C 293 
limit is also too low for the trained and heat acclimatized population since one-third exceeded 294 
this limit. This is supported by similar studies of 8-km and 21-km running in heat, where peak 295 
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Table 1: Evaluation and categorization of heat strain by PSI.  

PSI Strain 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

 
No to little 

 
Low 

 
Moderate 

 
High 

 
Very high  
Maximal 

Adapted from Moran et al.2 to indicate a PSI of 10 represents maximal physiological strain i.e. 
attainment of maximal heart rate and maximal delineated core temperature for the population 
under study.   


















