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Abstract (words 253) 26 

Objectives. The study was undertaken to compare the thermal and biochemical responses to 27 

a heat tolerance test (HTT) of malignant hyperthermia (MH) susceptible individuals, volunteers 28 

who have suffered heat illness (HI) and control volunteers. 29 

Methods. Three groups of male volunteers (n=6 in each group) were recruited to the study:  30 

MHS  - civilian volunteers previously diagnosed as MH susceptible;  31 

EHI  - military volunteers with a history of exertional HI;  32 

CON - military volunteers with no history of HI or MH.  33 

For the HTT, volunteers walked on a treadmill at 60 % maximal oxygen uptake in a hot  34 

environment. Measurements were made of core and skin temperatures, heat flow, whole body 35 

sweat rate and serum lactate, creatine kinase and myoglobin concentrations. 36 

Results. There were no differences in deep body temperature, oxygen uptake or serum lactate 37 

and creatine kinase concentrations between the three groups. One MHS volunteer and two 38 

EHI volunteers failed to achieve thermal balance with rectal temperature continuing to rise 39 

throughout the test and reaching 39.5°C, the rectal temperatures of the other volunteers 40 

plateaued at a mean (SD) of 38.7 (0.4)°C demonstrating thermal tolerance on thi s test. Serum 41 

myoglobin concentration and the increase in serum myoglobin was higher in MHS than EHI 42 

and CON Post HHT (P<0.05). 43 

Conclusion. MH susceptibility does not always predispose an individual to heat intolerance 44 

during an acute HTT, but does appear to increase muscle breakdown. The inclusion of serum 45 

myoglobin measurements to a HTT may help to distinguish patients that are potentially MHS, 46 

and who otherwise demonstrate thermal tolerance.   47 

 48 

 49 

  50 
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Introduction 51 

Exertional heat illness (EHI) describes the condition where an individual is incapacitated 52 

during or following exercise as a result of a rise in deep body temperature.1 In the United 53 

States, EHI is the third most common cause of sudden unexpected death in sport.2 Even in 54 

the United Kingdom, EHI is a significant occurrence: in the 2009 Great North Run, 55 runners 55 

were admitted to the field hospital with deep body temperatures exceeding 41 °C. 3 In the 56 

British Army, 361 cases of EHI were reported between 2007-2015 of which 137 were admitted 57 

to hospital,4 and in 2013 the deaths of three soldiers on a military training exercise in the 58 

Brecon Beacons were attributed to EHI.5  59 

 60 

It has been suggested that a skeletal muscle metabolic defect, similar to that responsible for 61 

malignant hyperthermia (MH) susceptibility could explain EHI in individuals with no obvious 62 

predisposing factors.6,7  MH presents under general anaesthesia with similar clinical features 63 

to EHI.  In affected individuals the anaesthetic triggering agents, such as isoflurane and 64 

sevoflurane, cause dysregulation of skeletal muscle calcium control leading to a progressive 65 

rise in cytoplasmic calcium concentration.8 The consequences are a rise in skeletal muscle 66 

cellular metabolism and contractile activity with increased oxygen consumption, carbon 67 

dioxide, hydrogen ion and heat production and rhabdomyolysis. The systemic effects include 68 

sympathetic stimulation, respiratory and metabolic acidosis, hyperthermia, hyperkalaemia and 69 

myoglobinaemia. The majority of cases of MH susceptibility are associated with variants in the 70 

ryanodine receptor 1 (RYR1) gene9 which encodes the skeletal muscle sarcoplasmic reticulum 71 

calcium release channel. Genetic screening has limited sensitivity and specificity, so definitive 72 

clinical diagnosis of MH susceptibility requires an open muscle biopsy with subsequent 73 

exposure of the freshly excised muscle to halothane and caffeine in an in-vitro contracture test 74 

(IVCT).10  75 

 76 

The Institute of Naval Medicine (INM), UK runs a Heat Illness Clinic (HIC) seeing 77 

approximately 140 British Armed Forces personnel a year. These individuals have suffered a 78 
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heat illness requiring admission to hospital with either central nervous system disturbance, 79 

biochemical evidence of organ damage or rhabdomyolysis.  The INM HIC was established 80 

with a formal protocol in 2001 as a diagnostic tool to identify underlying muscle, metabolic or 81 

biochemical disorders and ultimately determine if patients are suitable for normal service 82 

duties. The procedure consists of exercise on a treadmill in warm conditions with clothing 83 

limitations to initially raise the deep body temperature of the individual. The jacket and 84 

rucksack are removed at 30 min and t.shirt after 45 min of exercise, the patient continues to 85 

exercise to determine whether thermal balance (i.e. a plateau of deep body temperature) can 86 

be achieved. Patients are considered heat intolerant if deep body temperature does not 87 

plateau; the test duration is 60-90 min.  88 

 89 

Patients who demonstrate persistent heat intolerance (and in whom there is suspicion of 90 

metabolic skeletal muscle defect) are referred for testing for MH susceptibility. Of the 56 91 

patients referred from the HIC, 19 have met the laboratory criteria for MH susceptibility i.e. a 92 

positive result on the IVCT. Other studies, similarly report a high incidence of muscle 93 

abnormalities amongst individuals that have suffered EHI.11 However, improving the specificity 94 

of the HIC procedure would reduce unnecessary referrals for the invasive IVCT procedure. 95 

 96 

In addition, there are concerns that the current procedure is not sufficiently sensitive as there 97 

have been instances of patients passing the HIC procedure, returning to duty and sustaining 98 

a further exercise related collapse; and subsequently testing positive on the IVCT. 99 

Furthermore, a soldier with known MH susceptibility but no history of HI, undertook and passed 100 

the HIC assessment, however, additional blood samples (which are not routinely taken) 101 

indicated significant metabolic disturbance.  102 

 103 

Although several studies have compared the responses of MH susceptible individuals and 104 

volunteers to an exercise challenge, the findings are equivocal and none have exposed 105 
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individuals to a thermal challenge. On a progressive cycling test, aural temperature was higher 106 

in MH susceptible volunteers.12 Whereas, studies using a 15 min cycling test and a two hour 107 

treadmill walk found no difference in oxygen uptake, sympathetic activity or muscle 108 

metabolism between MH susceptible volunteers and controls.13,14  109 

 110 

This study was undertaken to determine whether individuals already identified as MH 111 

susceptible would demonstrate heat intolerance on a HTT. The secondary aim was to 112 

determine whether the MH susceptible individuals would have higher concentrations of 113 

biochemical markers suggestive of muscle breakdown. It was hypothesised that MH 114 

susceptible volunteers would demonstrate a greater rate of rise in deep body temperature, 115 

oxygen consumption, serum lactate concentration and greater changes in concentrations of 116 

markers suggestive of muscle breakdown, in response to a HTT than a control group and a 117 

group of volunteers with a history of EHI.  118 

 119 

Methods   120 

Three groups of male volunteers with 6 volunteers in each group were recruited to the study; 121 

each individual was tested once: 122 

MHS Group: active civilian volunteers with a personal or family history of MH and MH 123 

susceptibility confirmed by IVCT; 124 

EHI Group: military patients of the INM HIC with previous history of EHI;  125 

CON Group: military volunteers with no personal or family history suggestive of MH and with 126 

no history of HI.  127 

 128 

The sample size was based on a power calculation using rectal temperature data from the 129 

45Th to 60th min of the HTT from patients (n=11) shown to be heat intolerant and subsequently 130 

meeting the laboratory criteria for MH susceptibility and (n=21) heat tolerant patients. A one-131 

sided test with an alpha value of 0.05 and power of 0.9 would require six volunteers in each 132 

group. 133 
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 134 

Written informed consent of the volunteers was gained in accordance with the Declaration of 135 

Helsinki,15 and the protocol was approved by the Ministry of Defence Research and Ethics 136 

Committee (Protocol number: 647/MODREC/15). Absence of MH susceptibility in the EHI and 137 

CON groups was assumed rather than confirmed by IVCT because of the rarity of the condition 138 

and the invasive nature of the test. The volunteers were all European-white other than one 139 

volunteer in the EHI group who was non-Caucasian mixed race. 140 

 141 

Tests were conducted on a treadmill in an environmental chamber. Testing was conducted 142 

between Jan-May 2016, apart from n=3 MHS volunteers who were tested in Sep 2016) and 143 

each volunteer was tested at the same time of day. Fans in front of the treadmill generated a 144 

wind speed of 7 km.hr-1. Preparation and recovery were conducted in an adjoining room (20-145 

22 °C). Maximum oxygen uptake ( V O2max) was measured using an incremental running test to 146 

volitional exhaustion with the volunteers wearing shorts and t.shirt. After rest for one hour the 147 

volunteers undertook the HTT which was conducted in three continuous phases walking on a 148 

treadmill with the volunteers wearing combat t.shirt, trousers, jacket, socks and trainers: 149 

Phase 1 (0-30 min): Volunteers carried a 14 kg rucksack, and walked on the treadmill with the 150 

speed and gradient set to elicit a work intensity equivalent to 60% V O2max. 151 

Phase 2 (30-45 min): At 30 min the rucksack and jacket were removed.  152 

Phase 3 (45-90 min): The t.shirt was removed at 45 min and the volunteers continued to walk 153 

on the treadmill until 60 min and were then stopped if a plateau (i.e. two consecutive readings 154 

the same) or fall in rectal temperature occurred; if rectal temperature was still rising the 155 

volunteer continued until a plateau occurred or 90 min had elapsed. If rectal temperature 156 

reached 39.5 °C the volunteer was stopped, removed from the chamber and ac tively cooled. 157 

An individual is considered to thermoregulate normally and demonstrate heat tolerance if they 158 

attain a plateau in rectal temperature. Water was not allowed during the test, but drinking was 159 

actively encouraged in the recovery periods.  160 
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 161 

Hydration status was assessed prior to the V O2max test by measuring the specific gravity of 162 

urine samples using reagent strips for urinalysis (Multistix 10SG, Siemens, Munich, Germany).  163 

ECG was monitored using a 6 lead ECG on-line telemetry system (VitalJacket, Optima-Life, 164 

London, UK).  165 

Rectal temperature (Tre) was monitored throughout the HTT using a disposable rectal 166 

thermistor (Variohm-Eurosensor Ltd, Towcester, UK) inserted 10 cm beyond the anal 167 

sphincter, and measurements recorded on a data logger (Grants, Cambridge, UK).  168 

Intestinal temperature (Tint) was measured using a telemetric pill (VitalSense, Mini Mitter 169 

Company Inc, Oregan, USA), swallowed two hours before beginning the HTT.16 170 

Mean skin temperature (Msk) and heat flow were measured using sensors (Concept 171 

Engineering, CT, USA) taped to the skin (at the right calf, right thigh, right arm, left upper 172 

chest, right scapula and mid-forehead). 17  The output was recorded on a data logger (Grants, 173 

Cambridge, UK). The heat flow data (mV) were converted to watts and W.m-2 using the 174 

calibration constants supplied with the sensors. 175 

Oxygen consumption and the respiratory measurements were made by analysing expired gas 176 

using an on-line system (Quark CPET, Cosmed, Rome, Italy).  177 

Whole body sweat loss was calculated from the change in nude body mass measured pre and 178 

post the HTT using calibrated scales (Sartorius, Epsom, UK).  179 

 180 

Blood samples were taken Pre, Post, 2 Hr Post and 20 Hr Post and analysed for serum lactate, 181 

creatine kinase (CK) and myoglobin concentrations. Lactate concentration was determined 182 

photometrically (AU680, Beckman Coulter, High Wycombe, UK) CV 2.59%. CK was analysed 183 

using the creatine phosphate to adenosine diphosphate method (AU 5800, Beckman Coulter, 184 

High Wycombe, UK) CV 3.2% and reference range (males) 25-195 U.L-1. Myoglobin 185 

concentration was determined using turbiometric analysis (COBAS 6000, Roche, Burges Hill, 186 

UK) CV <10% (reference range: 28-84 µg.L-1).  187 

 188 
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Mean body temperature (Tmb) was calculated (according to the formula: 0.79Tre + 0.21Tmsk),18 189 

and change in body heat storage calculated as (change in Tmb x mass x specific heat of body 190 

tissue [3.48 kJ.kg-1.°C])/time). Metabolic heat production, radiative, convective and 191 

evaporative heat transfer were calculated using a freely available on-line spreadsheet.19 192 

Descriptive data were produced and checked for normality. Normally distributed data were 193 

analysed using a one-way analysis of variance (ANOVA) or a general linear mixed model 194 

ANOVA. Post hoc comparisons were made by t-tests with Bonferroni correction. Data not 195 

normally distributed were analysed using the Kruskall-Wallis test and post-hoc comparisons 196 

using the Mann Whitney U with Bonferroni correction. 197 

 198 

Results 199 

Chamber temperature did not differ between the exposures for the three groups; mean (SD) 200 

dry, wet bulb and globe temperatures were 35.5 (0.4), 23.9 (0.2) and 35.2 (0.4) °C producing 201 

a mean (SD) WBGT of 27.3 (0.2) °C , relative humidity 43 (1)%. The volunteer characteristics 202 

and V O2max data are shown in Table 1. Percentage body fat differed between the groups, 203 

F(2,15)=6.952 p=0.009; post hoc comparisons indicated that  the percentage body fat of the 204 

MHS group was lower than the EHI group (P=0.008). Two of the MHS volunteers had 205 

experienced adverse reactions to anaesthesia and the remaining MHS volunteers underwent 206 

IVCT screening as they had relatives who had experienced MH complications during 207 

anaesthesia. The halothane threshold for three of the MHS volunteers was 0.5% and for the 208 

other three 2%, all six showed a variant in the RYR1 gene. Two of the MHS volunteers were 209 

professional sportsmen and the other four undertook regular recreational sports, young active 210 

males were sought to match the military volunteers who are habitually active. 211 

 212 

The specific gravity of the urine samples from the volunteers were all ≤1.020, suggestive of 213 

adequate hydration.20 During the HTT absolute V O2max and V O2 as a %V O2max did not differ 214 

between groups and there was no interaction between group and time. Rectal temperature for 215 
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each volunteer is shown in Figure 1. Three volunteers (one from the MHS group and two from 216 

the EHI group) were withdrawn as their rectal temperatures reached 39.5°C and were rising. 217 

Deep body and skin temperature and heart rate data are shown in Table 2. Statistical analysis 218 

indicated that there were no interactions between phase and group or of group for any of these 219 

variables. Whole body sweat rate did not differ between the groups, mean (SD) values were 220 

1.6 (0.4), 1.3 (0.4) and 1.3 (0.5) L.hr-1 for the MHS, EHI and CON groups respectively, the 221 

corresponding mean (SD) values relative to body surface area were 801 (224), 640 (169) and 222 

618 (182) L.m-2.hr-1.  223 

 224 

There was no effect of group or an interaction between time and group for total mean heat 225 

flow, rate of metabolic heat production or radiative, convective and evaporative heat transfer. 226 

There was an effect of group F(2,15)=3.69 (p=0.05) on cumulative heat storage, with lower 227 

values for MHS than EHI (p=0.048). At 30 min mean (SD) cumulative heat storage for MHS 228 

was 50.8 (12.8) W.kg-1 and for EHI 71.1 (16.6) W.kg-1, at 50 min the corresponding values 229 

were 60.1 (20.7) W.kg-1 and 88.4 (25.2) W.kg-1. 230 

 231 

Serum myoglobin concentrations for MHS were higher than EHI and CON Post, x2=6.654 232 

(p=0.010); 2, Hr Post x2 =5.276 (p=0.022) and 20 Hr Post, x2 =3.872 (P=0.049). The increase 233 

in serum myoglobin was higher in MHS than EHI and CON from Pre to Post (x2=5.063 234 

[P=0.024]) and from Pre to 2 Hr Post (x2=5.936 [p=0.015]). There were no differences for 235 

serum CK or lactate concentrations, median values are given in Table 3. The serum myoglobin 236 

of the MHS volunteers with halothane thresholds of 0.5% were numerically higher than the 237 

volunteers with thresholds of 2%, median values Post and 2 Hr Post were 279 and 246 µg.L-1 238 

compared to 87 and 82 µg.L-1. 239 

 240 

Discussion 241 

 242 
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Although one volunteer from the MHS group failed to thermoregulate during the HTT, there 243 

were no significant differences between the groups in terms of the deep body temperature, 244 

oxygen consumption and serum lactate measurements during the HTT. One interpretation of 245 

these findings is that, at the least, a large proportion of MH susceptible patients are not at 246 

increased risk of EHI and this is consistent with remarkably few reports of heat illness in MH 247 

susceptible patients.21,22 This contrasts with the observation that 34% of patients referred to 248 

the HIC following an episode of EHI and unable to thermoregulate during the HTT have an 249 

abnormal IVCT.23 Furthermore, our findings are not consistent with data from RYR1 knock-in 250 

mouse models of MH which demonstrate consistent heat intolerance.24,25 However, the mouse 251 

models have focused on a small number of specific variants, the most recent of these involves 252 

the variant (p.Gly2434Arg)25 which is the same as the variant carried by MHS volunteer in this 253 

study who demonstrated heat intolerance.  254 

 255 

However, in reconciling these observations it is important to recognise that the IVCT is not 256 

specific for MH susceptibility and that abnormal findings may be obtained with samples from 257 

patients with other muscle disorders.26 Our working hypothesis is that MH susceptibility and 258 

susceptibility to EHI are distinct but overlapping phenotypes. Thus, there are some individuals 259 

susceptible to one but not the other, while other individuals are susceptible to both. This is a 260 

similar situation to the relationship between MH susceptibility and central core disease.8  261 

 262 

Several studies have explored whether the response to exercise differs between volunteers 263 

with MHS and controls and in terms of deep body temperature the findings of this study are in 264 

agreement with those of Rutberg et al (1987)13 and Green et al (1987).14 Interestingly, in an 265 

initial study examining the anthropometry of volunteers with MHS, Campbell et al (1982) 266 

showed that percentage body fat (as in this study) was lower in the MHS group (n=27) and 267 

was 16.7% compared with 21.3% in a control group (n=21).27 The greater heat storage in the 268 

EHI than MHS group probably reflects the higher body fat and body mass (although this was 269 

non-significant) of the EHI group. The current study used a more physically arduous regimen 270 
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than the previous work and is the first reported to utilise a HTT with MHS volunteers; although 271 

Campbell et al (1983) and Green et al (1987) measured deep body temperature these only 272 

rose to mean values of 37.42 (±0.14) °C and approximately 38.2 °C. 12,14 273 

 274 

The data do support the hypothesis that the MHS group demonstrate a greater change in 275 

biochemical markers suggestive of muscle breakdown in response to a HHT than the CON 276 

and EHI groups. Serum myoglobin and muscle enzymes are indirect markers of muscle 277 

damage, and in a longitudinal study involving arduous military training, myoglobin was the 278 

most sensitive marker of muscle stress.28 During a MH reaction there is a sustained increase 279 

in myoplasmic calcium concentration producing hypermetabolism and contractile activity and 280 

it has been suggested that this also occurs with exercise in the heat.29 Calpain, a nonlysosomal 281 

cysteine protease is thought to trigger skeletal muscle protein breakdown and is activated by 282 

raised intracellular calcium.30 Including measurement of serum myoglobin concentration in the 283 

HIC protocol may help to identify individuals with an underlying muscle disorder but who 284 

demonstrate heat tolerance on the HTT and hence improve the specificity of the procedure.  285 

Further work is required to confirm this suggestion. 286 

 287 

Although there were only six volunteers in the MHS group, those who (on the IVCT) responded 288 

at 0.5% halothane demonstrated higher serum myoglobin values (at all three sample points 289 

after the HTT) than the MHS volunteers who responded to the IVCT at 2% halothane. This 290 

suggests that sensitivity to halothane in the IVCT may correlate with the degree of muscle 291 

breakdown experienced in the HTT.  292 

 293 

Our study was limited because of the small number of MHS volunteers recruited, which was 294 

due to the low availability of suitable MHS volunteers. A further limitation of the study was the 295 

assumption that the control and EHI volunteers were not susceptible to MH, but confirmation 296 

by IVCT could not be justified; however, none of these volunteers reported adverse reactions 297 

to anaesthesia in themselves or family members. While the HTT can discriminate between 298 
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individuals based on their ability to thermoregulate under standard conditions, it is a surrogate 299 

for predisposition to develop EHI.  None of the volunteers in the MHS group have a history of 300 

EHI, so either they are not susceptible to EHI (including the one MHS individual who failed to 301 

thermoregulate during the HTT) or have not been exposed to the same level of exercise or 302 

heat as the military patients referred to the HIC and who subsequently fail the HTT.  303 

 304 

The aim of the work was to determine whether individuals already identified as MH susceptible 305 

would demonstrate heat intolerance on the HIC protocol and hence it was necessary to 306 

replicate the HIC protocol and for the volunteers to undertake the V O2max and HTT on the same 307 

day. The formal protocol was designed in this manner to maximise the number of patients that 308 

could be seen in one day and thereby minimise the time waiting for an appointment (during 309 

which time service personnel are placed on limited duties) and to complete the testing in one 310 

day to reduce the burden on the patients. The study demonstrates that the current HIC 311 

protocol will not detect MH susceptibility but including measurement of serum myoglobin 312 

concentration may improve sensitivity, however, further work is required to confirm this 313 

assertion. 314 

 315 

Conclusions 316 

 Five out of 6 malignant hyperthermia susceptible individuals demonstrated 317 

thermotolerance on an acute heat tolerance test. 318 

 Malignant hyperthermia susceptibility appears to increase the magnitude of muscle 319 

breakdown on an acute HTT. 320 

 The inclusion of serum myoglobin measurements to a HTT may help to distinguish 321 

patients that are potentially MH susceptible.  322 

 323 

Acknowledgements 324 



13 

 

The study was funded by the Ministry of Defence and experimental test pay for the MH 325 

susceptible volunteers provided by the British Malignant Hyperthermia Group. Thank-you to 326 

all the participants, particularly to the MHS volunteers who had to travel many miles to the 327 

INM. We would also like to acknowledge the help of the Malignant Hyperthermia Unit in Leeds 328 

for identifying and inviting suitable MHS individuals to volunteer for the study; the staff of the 329 

Survival and Thermal Medicine Department at INM for help collecting the data; the late 330 

Surgeon Commander Jane Risdall and Surgeon Commander Amanda Edwards for providing 331 

medical cover. 332 

 333 

Ministry of Defence © Crown Copyright 2018 334 

  335 



14 

 

References 336 

1 Armstrong LE, Casa DJ, Millard-Stafford M et al. Exertional heat illness during training and 337 

competition. American College of Sports Medicine Position Stand. Med Sci Sports Exerc. 338 

2007;556-572. 339 

 340 

2 Maron BJ, Doerer JJ, Hass TS et al. Sudden deaths in young competitive athletes. Analysis 341 

of 1866 Deaths in the United States, 1980-2006. Circulation 2009;119:1085-1092. 342 

 343 

3 Hawes R, McMorran J, Vallis C. Exertional heat illness in half marathon runners: 344 

experiences of the Great North Run. Emergency Medicine Journal 2010;27:866-867. 345 

 346 

4 Stacey M, Parsons I, Woods D et al. Susceptibility to exertional heat illness and 347 

hospitalisation risk in UK military personnel. BMJ Open Sport Exerc Med 2015;1:000055. 348 

Doi:10.1136/bmjsem-2015-000055. 349 

 350 

5 SAS selection deaths: Soldiers died from “overheating”. http://www.bbc.co.uk/news/uk-351 

wales-27765567 (accessed 31 Jan 2018). 352 

 353 

6 Hopkins PM, Ellis FR, Halsall PJ. Evidence for related myopathies in exertional heat stroke 354 

and malignant hyperthermia.  Lancet 1991;338:1491-2. 355 

 356 

7 Hopkins PM. Is there a link between malignant hyperthermia and exertional heat illness?  Br 357 

J Sports Med. 2007;41:283-284. 358 

 359 

8 Riazi S, Kraeva N, Hopkins PM. Malignant hyperthermia in the post-genomics era: new 360 

perspectives on an old concept. Anesthesiology. 2018;128:168-80 361 

 362 

http://www.bbc.co.uk/news/uk-wales-27765567
http://www.bbc.co.uk/news/uk-wales-27765567


15 

 

9 Miller DM, et al. Genetic epidemiology of malignant hyperthermia in the United Kingdom. Br 363 

J Anaesth 2018 In press. 364 

 365 

10 Hopkins PM, Rüffert H, Snoeck MM, et al. European Malignant Hyperthermia Group. The 366 

European Malignant Hyperthermia Group guidelines for the investigation of malignant 367 

hyperthermia susceptibility. Br J Anaesth 2015;115:531-9 368 

 369 

11 Bendahan D, Kozak-Ribbens G, Confort-Gouny S, et al. A noninvasive investigation of 370 

muscle energetics supports similarities between exertional heat stroke and malignant 371 

hyperthermia. Anaesth Analg 2001;93:683-9. 372 

 373 

12 Campbell IT, Ellis FR, Evans RT et al. Studies of body temperatures, blood lactate, cortisol 374 

and free fatty acid levels during exercise in humans susceptible to malignant hyperthermia. 375 

Acta Anaesthiol Scand. 1983;27:349-355. 376 

 377 

13 Rutberg H, Hakanson E, Hall G, et al.  Effects of graded exercise on leg exchange of 378 

energy substrates in malignant hyperthermia susceptible subjects. Anaesthesiology 379 

1987;67:308-313. 380 

 381 

14 Green JH, Ellis FR, Halsall PJ, et al. Thermoregulation, plasma catecholamine and 382 

metabolic levels during submaximal work in individuals susceptible to malignant hyperpyrexia. 383 

Acta Anaesthesiol Scand.1987;31:122-6. 384 

 385 

15 World Medical Association Declaration of Helsinki. Recommendations guiding physicians 386 

in biomedical research involving human volunteers. Adopted by the 18th World Medical 387 

Assembly Helsinki, Finland, 1964 and amended by the 64th World Medical Association 388 

General Assembly. Fortaleza, Brazil, October 2013. JAMA. 2013,310:2191-2194. 389 

 390 



16 

 

16 Kolka MA, Quigley MD, Blanchard LA, et al. Validation of a temperature telemetry system 391 

during moderate and strenuous exercise. J Therm Biol. 1993;18(4):203-2010. 392 

 393 

17 BS EN ISO 9886 (2004) Ergonomics-evaluation of thermal strain by physiological 394 

measurements (vol 3). 395 

 396 

18 Colin J, Timbal J, Houdas Y, et al. Computation of mean body temperature from rectal and 397 

skin temperatures. J Appl Physiol 1971;31(3):484-489. 398 

 399 

19 Atkins K, Thompson M. A Spreadsheet for Partial Calorimetry. Sportscience 2000;4(3) 400 

sportsci.org/jour/0003/ka.htlm 401 

 402 

20 Casa DJ, Armstrong LE, Hillman SK, et al. National athletic trainers association position 403 

statement: fluid replacement for athletes. J Athl Train. 2000;35(2):212-224.) 404 

 405 

21 Tobin JR, Jason DR, Challa VR et al. Malignant hyperthermia and apparent heat stroke. 406 

JAMA. 2001;286:168-9. 407 

 408 

22 Ryan JF, Tedeschi LG. Sudden unexplained death in a patient with a family history of 409 

malignant hyperthermia. J Clin Anaesth. 1997;9:66-8. 410 

 411 

23 House C,M, Roiz de Sa D. Comparison of performance on a heat tolerance test of military 412 

personnel that have suffered heat illness and subsequently been diagnosed with malignant 413 

hyperthermia and controls. Proceedings of the Sixtenth International Conference on 414 

Environmental Ergonomics, Portsmouth, UK . (2015). Page 37. ISBN 978 1 86137 655 8 415 

(printed); ISBN 978 1 86137 656 5 (online). 416 

 417 



17 

 

24 Durham WJ, Aracena-Parks P, Long C, et al. RyR1 S-nitrosylation underlies environmental 418 

heat stroke and sudden death in Y522S RyR1 knockin mice. Cell. 2008;133(1):53-65. 419 

 420 

25 Lopez JR, Kaura V, Diggle CP, et al. Malignant hyperthermia, environmental heat stress 421 

and intracellular calcium dysregulation in a mouse model expressing the p.G2435R variant of 422 

the RYR1 gene. Br J Anaesth. Under Review. 423 

 424 

26 Hopkins PM, Ellis FR, Halsall PJ. Comparison of in vitro contracture testing with halothane, 425 

caffeine and ryanodine in patients with malignant hyperthermia and other neuromuscular 426 

disorders. Br J Anaesth. 1993;70:397-401 427 

 428 

27 Campbell I, Ellis F, Hallsall P, et al. Anthropometric studies of human subjects susceptible 429 

to malignant hyperthermia. Acta Anaesth Scand.1982;26:363-367. 430 

 431 

28 Ross JH, Attwood EC, Atkin GE. A study of the effects of severe repetitive exercise on 432 

serum myoglobin, creatine kinase, transaminases and lactate dehydrogenase. Q J Med 433 

1983;206:268-279. 434 

 435 

29 Halsall PJ, Hopkins PM. Malignant hyperthermia. Br J Anaesth 2003;3(1):5-9. 436 

 437 

30 Sorichter S, Puschendorf B, Mair J. Skeletal muscle injury induced by eccentric muscle 438 

action: muscle proteins as markers of muscle fibre injury. Exerc Immunol Rev 1999;5:5-21. 439 

  440 



18 

 

 441 

Figure 1. Individual rectal temperatures. 442 
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Table 1.  Mean (SD) volunteer characteristics and V O2max data. 446 

 MHS group (n=6) EHI group (n=6) CON group (n=6) 

Age (years) 25.2 (3.6) 25.7 (5.9) 29.8 (4.3) 

Height (m) 1.80 (0.07) 1.80 (0.09) 1.78 (0.10) 

Body mass (kg) 77.2 (9.1) 87.6 (18.2) 79.6 (8.5) 

Body surface area (m2) 1.96 (0.13) 2.07 (0.25) 1.97 (0.16) 

Body fat (%) 12.3 (3.7) 19.9 (4.4) 17.3 (2.6) 

Lean body mass (kg) 68.2 (8.6) 70.2 (13.6) 66.2 (8.1) 

V O2max (L.min-1) 4.45 (0.67) 4.49 (1.13) 4.36 (0.51) 

V O2max (ml.kg.min-1) 57.7 (9.4) 50.9 (6.6) 54.7 (5.2) 

 447 
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Table 2. Mean (SD) rectal, intestinal and mean skin temperatures at the end of each 449 

phase, rate of rise of rectal temperature and mean (SD) heart rate for each 450 

group (n=6 in each group unless stated otherwise).   451 

 452 

 Phase 1 

(0-30 min) 

 

Phase 2 

 

Phase 3 

Clothing and equipment worn Trousers, jacket, 

t.shirt, rucksack 

Trousers, t.shirt Trousers 

Rectal  MHS 38.4 (0.3) 38.6 (0.3) 38.8 (0.4) 

temperature (°C) EHI 38.3 (0.4) 38.6 (0.4) 38.8 (0.6) 

 CON 38.2 (0.3) 38.4 (0.3) 38.6 (0.5) 

Rate of rise rectal  MHS 1.6 (0.6) 1.2 (0.5) 0.5 (0.6) 

temperature EHI 1.8 (0.3) 1.5 (0.9) 0.9 (0.9) 

(°C.hr -1) CON 1.7 (0.4) 0.9 (0.6) 0.3 (0.4) 

Intestinal MHS 38.4 (0.4) 38.6 (0.4) 38.8 (0.5) 

temperature (°C)  EHI (n=5) 38.5 (0.1) 38.7 (0.2) 38.9 (0.2) 

 CON (n=5) 38.2 (0.3) 38.4 (0.3) 38.5 (0.5) 

Heart rate  MHS 163 (13) 146 (15) 148 (16) 

(beats.min-1) EHI 170 (15) 160 (16) 161 (20) 

 CON 154 (20) 144 (21) 141 (19) 

Msk (°C) MHS 36.0 (1.2) 35.0 (1.2) 35.7 (1.3) 

 EHI 36.4 (0.8) 35.7 (1.3) 36.3 (0.8) 

 CON 36.7 (0.5) 35.9 (0.5) 36.4 (0.6) 

 453 
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Table 3. Median (range) serum myoglobin, creatine kinase and lactate concentrations. 455 

 456 

  MHS (n=6) EHI (n=6) CON (n=6) 

 

Myoglobin 

(µg.L-1) 

Pre 60   (27-118) 50   (34-77) 55   (38-75) 

Post 142   (87-378) 79   (65-122) 69   (45-134) 

2 Hr Post 137   (81-280) 73   (52-135) 72   (50-139) 

20 Hr Post 79   (31-101) 52   (41-62) 49   (39-76) 

 

CK (U.L-1) 

Pre 276   (141-2963) 258   (126-890) 296  (199-412) 

Post 445   (194-2941) 315   (173-825) 314   (223-493) 

2 Hr Post 471  (198-2671) 321   (141-769) 296  (216-478) 

20 Hr Post 609   (176-1633) 336   (144-556) 238   (192-443) 

 

Lactate 

(mmol.L-1) 

Pre 1.6   (1.1-1.3) 1.3   (1.0-4.8) 1.6   (1.2-4.5) 

Post 1.4   (0.9-1.7) 1.7   (1.3-3.5) 1.4  (1.0-2.3) 

2 Hr Post 1.4   (1.1-3.2) 1.5   (1.2-2.1) 1.3   (1.1-1.9) 

20 Hr Post 1.5   (1.2-2.3) 1.7   (1.1-2.4) 1.1   (0.8-2.1) 

 457 

 458 

 459 


