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Abstract
This review focuses upon the past 8 years of research on hyperthermic effects on behavior. Heat stress and heat stoke become
severe conditions when body temperatures exceed 40�C as this can lead to delirium, convulsions, coma, and death. The
animal literature indicates that hyperthermia can increase glutamatergic and decrease GABAergic neurotransmission.
Interestingly, m-opiate receptor antagonists can attenuate the morphological and biochemical changes in brain, as well as,
ameliorate some behavioral deficits induced by heart stress. In humans, heat stress can produce detrimental effects on motor
and cognitive performance. Since most cognitive tasks require a motor response, some cognitive deficiencies may be
attributed to decreased motor performance. Although hyperthermia may exert more deleterious effects on complex than
simple cognitive tasks, systematic studies are needed to examine the effects of different levels and durations of hyperthermia
(irrespective of dehydration) on cognition. Additionally, body temperatures should be carefully monitored where controls
are run for baseline or brief exposures to a hyperthermic environment.
Acute radiofrequency exposure can disrupt behavior when body temperatures increase41�C with whole body SAR between
3.2–8.4 W/kg and time-averaged power densities at 8–140 mW/cm2. Effects of lower levels of radiation are conflicting and
some experiments fail to replicate even with the original investigators. This suggests either that brief exposure to the radiation
is at a threshold where some individuals are affected while others are not, or that these levels are innocuous. Nevertheless,
thermal changes appear to account for almost all of the behavioral effects reported.

Keywords: Hyperthermia, radiofrequency radiation, behavior, pain, cognition, motor responses, emotionality

Introduction

Maintenance of body temperature within a specific

range is essential for mammalian survival. Mammals

defend their body temperatures through numerous

physiological and behavioral mechanisms to support

ongoing biochemical processes. Innate acute

nocifensive behaviors allow the organism to escape

from environmental conditions of intense cold or

heat so that tissue damage, morbidity, or mortality

do not occur. Nevertheless, brief exposure to intense

temperature changes is known to modify behavior.

The present manuscript reviews the literature over

the past 8 years to examine effects of hyperthermia

and radiofrequency exposure on behavior.

Pain responses to heat

It has long been known that humans and animals are

sensitive to thermal stimulation. In fact, in animals

the tail-flick and hot-plate tests have long been used

to assess nociceptive thermal responses. The tail-flick

test relies primarily upon spinal reflexes, whereby

hot-plate responses require responses from higher

centers of the central nervous system [1–3]. Stress

can induce analgesia by restraint, cold-water expo-

sure, and foot-shock [4–6]. Since analgesia has such

a pronounced effect on the tail-flick and hot-plate

tests, these tasks are often used to assess tolerance to

opiates and naloxone or to naltrexone-precipitated

withdrawal [7]. Many of these responses are medi-
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ated by m opiate receptors. In this respect, m agonists

are less effective with high intensity than with low

intensity thermal stimuli [8]. Additionally, lower

intensity stimuli activate C-fiber nociceptors, while

higher thermal stimuli activate A� and other noci-

ceptive systems [9–11]. In animals, responses on

these tests can be influenced by age, sex, phase of

estrus cycle, and developmental experience [12–14].

There is also some evidence for ethnic and gender

differences in humans in response to thermal stimuli

[15–16]. Interestingly, peripheral temperature has

been reported to affect both tail-flick and hot-plate

responses [17–19].

An analog of the tail-flick test for rodents has been

developed as the finger withdrawal test for humans

[20]. Greenwald and Johanson [21] used this test to

evaluate thermal pain sensitivity in 10 subjects.

A repeated measures crossover design was used

where the subject’s left and right fingers were

exposed individually to radiant temperatures of

42.2�C, 42.8�C, 43.4�C, 44.4�C, 46.7�C, 48.9�C,

and 52.2�C for up to 20 seconds. Temperature was

measured by a thermistor attached to the middle

finger of one hand – trials were initiated only when

finger temperature was between 31.1 and 33.3�C.

Subjects were tested over 4 session days where the

intensities of the thermal stimuli were administered

in a randomized order. On separate days, subjects

were told to remove their finger from the heat

source according to four different instructions:

sensory – withdraw the finger when heat is first felt,

affective – withdraw the finger when the heat is

unpleasant, pain – withdraw the finger when pain is

felt, and intolerance – withdraw the finger when pain

is no longer tolerated. As may be anticipated,

withdrawal latencies declined with increased thermal

stimulation. Latencies were shortest for the ‘‘sen-

sory’’ instructions, most prolonged for ‘‘intoler-

ance,’’ with no distinctions between the ‘‘affective’’

and ‘‘pain’’ instructions. An intriguing aspect of the

study is that the left finger was more sensitive to

thermal stimulation than the right. Unfortunately, no

information was provided for handedness of the

subjects. Although these results indicate that instruc-

tion set can greatly influence human responses to

thermal nocioceptive stimuli, other investigators have

found at least prior experience does not affect

thermal pain thresholds [22]. Therefore, additional

studies are warranted to determine under what

circumstances instruction set can affect perception

and responses to thermal stimuli.

Overview of heat stress effects on behavior

Heat stress and heat stroke become severe conditions

when body temperatures exceed 40�C and these

circumstances can lead to delirium, convulsions,

coma, and death [23]. In fact, up to 50% of the heat

stroke patients die and those who survive frequently

present with neurological deficits. Hence, conditions

that raise core body temperatures can be deleterious

to neural function. To protect against increases in

body temperature, a variety of mechanisms have

been developed. For instance, homeostatic mecha-

nisms responsible for maintaining body temperature

include alterations in metabolic rate, autonomic

responses such as sweating and vasodilatation,

changes in appetite and thirst, alterations in neuro-

endocrine function particularly as they relate to

thyroid, adrenal, and neurohypophyseal responses,

and changes in behavior. Since some agencies such

as the National Institute for Occupational Safety and

Health [24] have been particularly concerned with

these effects, the present review will summarize the

recent literature of heat stress effects on neural

systems and behavior.

Effects of hyperthermia on animal behavior

Changes in body temperature can occur naturally

though prolonged exercise, illness-induced fever,

and alterations in environmental temperatures.

Increases in body temperature can produce a

number of different neurological symptoms, as well

as, induce seizures even at lower temperatures in

susceptible individuals [23]. Febrile seizures are the

most common type of seizure in childhood [25–28].

They can lead to hippocampal cell loss in infancy

[29] and, although controversial, may promote

temporal lobe sclerosis and temporal lobe epilepsy

in adults [30–31]. In rodents, hyperthermia alone

increases neuronal excitability [32, 33], enhances

susceptibility to seizure [34–37], and can exert

untoward effects on learning and memory [38].

Parenthetically, recent work has shown that activa-

tion of TRPV1 and TRPV4 channels can lead to

hippocampal excitation and disinhibition [39–40].

In an animal model of febrile seizure, Mesquita and

colleagues [41] exposed 10-day old rats to an

environment of 41�C for 30 min (Table I).

Importantly, while the investigators state that rectal

temperatures were monitored to ensure that core

temperatures were similar to those during high fever,

the body temperatures were not reported. Behavior

was recorded 24 hrs after hyperthermia and 3 months

later. The only notable effect observed at 24 hrs was

that the hyperthermia-exposed rats opened their eyes

2 days earlier prior to controls; other neurological

reflexes appeared normal. At 3 months of age

animals were tested in the open field for motor

activity, the elevated plus maze for anxiety-like

behavior, the forced-swim task for antidepressive-

like responses, and the Morris water maze for spatial
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learning and memory. This latter test is sensitive to

hippocampal dysfunction [see 42] which may occur

in some conditions of heat stress [see 29].

Performance in the open field, forced swim, and

water maze tests was not distinguished by early

exposure to hyperthermia. However, the hyperther-

mia-exposed animals spent less time in the center of

the open field and less time in the open arms of the

plus maze than controls – suggestive of an anxiety-

like phenotype. Despite these results, an anxiety-like

phenotype would be more convincing if the animals

had been evaluated for their responses to anxiolytic

drugs, especially since there is some evidence that

GABA transmission may be perturbed by hyperther-

mia (see below). In this experimental design it is

unclear whether the reputed anxiety-like behaviors

were due to hyperthermia at a young age, possible

seizure, or both. Since effects of febrile seizures on

cognitive performance in humans are controversial

[38, 43, 44], additional tests besides the Morris water

maze task are needed to convincingly identify cog-

nitive deficits that may affect spatial and non-spatial

cognitive processes, especially if the impairment is

mild and is only apparent in certain types of learning

and memory tasks.

Besides exerting direct influences on behavioral

systems, heat stress can also interact with other

physiological conditions to exacerbate its effects.

For instance, neonatal asphyxia can lead to a

hyperactive phenotype in juvenile rats and hypoac-

tivity in adulthood [45, 46]. Preinatal hypoxia can

result in brain damage [47, 48] and exert detrimental

effects on cognition and other behaviors [49, 50].

There is some evidence that reductions in body

temperature during hypoxia can be neuroprotective

[48, 49, 51–54]. To further examine this point,

Rogalska and co-workers [45] took two day-old rat

pups and exposed them for 25 min to chambers that

had been flushed with 100% nitrogen (anoxia) while

their rectal temperatures were maintained at 33�C

(normal body temperature), 37�C, or 39�C (Table

I). These temperatures were maintained for 2 hrs

after hypoxia. Since animals at 5–30 days of age did

not differ within the neonatal-exposure groups for

motor activities, they were collapsed across age into

the respective hyperthermia and asphyxia groups.

Percent motor activity was augmented with neonatal

exposure to hyperthermia and further increased with

hypoxia in 5–30 day-old rats; other indices of activity

(i.e., distance traveled, linear and angular velocity)

were not affected by hyperthermia. However, all

activities were increased by neonatal asphyxia and

concurrent exposure to 39�C. At 45 days of age,

neonatal exposure to 39�C was associated only with

increased linear velocity. It should be emphasized

that repeated testing of rats in the open field typically

leads to habituation and this may have obscured any

changes in activity that could have occurred at the

given ages. In a separate experiment, telemetry

recordings in the home cage failed to discern any

effects of neonatal hyperthermia or hypoxia on body

temperature or motor activity for any of the ages

studied. Hence, results from this study indicate that

neonatal exposure to heat stress and asphyxia exert

minimal effects on motor responses. Interestingly,

other investigators have reported anoxia to have

transient effects on motor activity [49, 50, 55].

In a separate investigation, Caputa and colleagues

[46] exposed 2-day old neonatal rats to hyperthermia

and hypoxia and examined behavioral effects at

4 months of age (Table I). In the plus maze, open

arm entries and open arm times were enhanced in

adults previously exposed as neonates to increased

temperature and hypoxia; neonatal hyperthermia by

itself exerted no effects in adulthood. These findings

suggest that neither neonatal condition influences the

display of anxiety-like responses; however, the high

level of illumination (200–350 lux) may have pre-

cluded the appearance of this behavior. In the open

field, locomotor activities in this novel environment

were reduced in adults for animals exposed as

neonates to hyperthermia and they were further

decreased with neonatal asphyxia at 39�C. Since this

10 min test was run immediately after the plus maze,

handling and other effects may have affected the

spontaneous activities of the groups. In the familiar

environment of the home cage, telemetry was used to

monitor activity over 2–4 days. Although motor

activities were enhanced only in rats exposed to

anoxia at 33�C as neonates, the data were presented

as a single bar graph and were not analyzed over the

circadian rhythm as in a previous study [see 45].

Interestingly, treatment with deferoxamine (an iron

chelator) normalized many of the behavioral defi-

ciencies attributed to combined hyperthermia and

apoxia – suggestive that oxidative damage may be

contributing to any changes in behavior. In sum-

mary, the effects in adulthood of neonatal hyper-

thermia were not remarkable, whereas effects of

hypoxia were more evident.

Effects of heat stress on behavior, neurochemistry,

and morphology have been evaluated by Sharma [56]

in adult rats exposed to heat stress at 38�C (relative

humidity 45–47%) for ½, 1, 2, 3, or 4 hrs (Table I).

Rectal temperatures increased linearly over time to

41.5�C. During this time, salivation progressively

increased. At the end of 4 hrs of heat exposure, blood

pressure declined, PaO2 was mildly enhanced,

PaCO2 was attenuated, and body weight was

decreased despite ad libitum access to food and

water. Locomotor activity was initially increased over

the first 2 hrs, but declined by the beginning of the

4th hr due to lethargy and this was further evident

as reduced performance on the inclined plane, foot-
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print, grid-walking, and rotorod tests. Despite these

effects, no changes in righting reflex or thermal

nociceptive (tail-flick) responses were observed.

Depending upon brain region, levels of glutamate,

aspartate, glycine, and GABA increased or decreased

over the 4 hr period of heat stress. For example in

hippocampus, glycine and GABA were elevated at

2 hrs, but by 4 hrs glycine had returned to normal

while GABA was reduced. Glutamate and aspartate

were only increased at 4 hrs. These findings suggest

that prolonged hyperthermia can promote excito-

toxicity that may lead to neural damage. In this

regard, 4 hrs of heat stress were sufficient to reduce

regional cerebral blood flow, increase permeability of

the blood-brain barrier, and produce edema.

Microscopy studies indicated that these changes

may be due to microvessel collapse, endothelial cell

membrane damage and leakage, and perivascular

edema. Notably, nerve cell injury with some cell loss

was evident in hippocampus. It should be noted that

approximately 20% of the animals subjected to heat-

stress died and postmortem examination revealed

these rats had excessive brain swelling. Since opiate

receptor antagonists have been reported to attenuate

heat-induced changes in cerebral blood flow, blood-

brain barrier permeability, and edema [57], Sharma

[56] evaluated effects of naloxone in this heat stress

model. Although 1, 5, and 10 mg/kg naloxone were

given, only the highest dose was found to reduce

salivation, prostration, body temperature, and hypo-

tension, to improve motor responses, prevent

changes in neurotransmitters in brain, decrease

permeability of blood brain-barrier, and suppress

the morphological changes. Despite these beneficial

effects, the mechanistic basis of the naloxone

responses is unclear since dose-response relation-

ships were not established for any of the neurotrans-

mitter, physiological, or behavioral changes.

Additional experiments have examined neural

mechanisms that may be perturbed by heat stress.

An electrophysiology study has shown that in vitro

heating of the hippocampus from 27 to 37�C can

increase inhibitory postsynaptic potentials (IPSPs) in

CA1 hippocampus [58]. To determine whether

increased temperature affects neural inhibition

in vivo, Liebregts and co-workers [59] used a

paired-pulse paradigm to examine responses in the

dentate gyrus and CA1 hippocampus. Male

10–17 day-old or adult rats were anesthetized with

urethane and the stimulating electrode was placed

into the medial perforant pathway with the recording

electrode in dentate granule cells. In another exper-

iment the stimulating electrode was positioned in

CA3 hippocampus to activate the perforant path with

the recording electrode in CA1 hippocampus.

A heating pad was used to increase body temperature

from normal (37.5�C infant, 36.5�C adult) to 38.8�C

(immature and adult rats), or to 40�C (adults only,

immature rats didn’t survive). No epileptiform

activity was observed at any of these temperatures,

possibly due to the anticonvulsant activity of ure-

thane [see 60]. In adults hyperthermia at both

temperatures increased paired-pulse inhibition in

the dentate gyrus and it enhanced excitatory post-

synaptic potentials (EPSPs). By comparison, no

effects were observed in immature rats at 38.8�C,

while in immature rats inhibition in CA1 was

reduced. At 40�C paired-pulse inhibition in adult

CA1 hippocampus was also decreased. Although

there was an increase in EPSPs with temperature

across preparations, the effect was only significant for

adult dentate gyrus. While the results are subject to

alternate interpretations, the most parsimonious

explanation may be that hyperthermia promoted

seizure in immature hippocampus and this occurred

by reducing inhibition on CA1 neurons, whereas in

adults decreased CA1 inhibition required higher

levels of hyperthermia and seizure susceptibility was

altered by the increased inhibition in dentate gyrus.

Together, these results indicate that changes in

inhibitory neurotransmission, probably through

GABA systems, may contribute to seizure under

hyperthermic conditions. Despite these findings it

must be cautioned that this paired-pulse study only

provides indirect evidence that inhibitory transmis-

sion may be affected by heat stress.

Currently the mechanisms underlying hyperther-

mia-induced seizures and accompanying behavioral

changes are not clearly defined. However, decreased

paired-pulse inhibition in hippocampal CA1 neurons

in vitro suggests that GABAergic neurotransmission

may be affected [59]. To address this question, brain

slices from 11–17 day-old rats were prepared and

were examined at 32�C (basal), the temperature was

increased to 40�C (�2�C/min) and held for 1 min,

and then allowed to recover to 32�C (�2�C/min)

[61]. Whole-cell recordings were made from CA1

pyramidal cells following stimulation of the CA1

stratum radiatum with an electrode located approx-

imately 0.5 mm from the recording electrode.

GABA-A receptor mediated inhibitory post-synaptic

currents (IPSCs) were recorded in the presence of

N-methyl-D-aspartate (NMDA), �-amino-3-hydro-

xyl-5-methyl-4-isoxazole proprionic acid (AMPA),

and GABA-B receptor antagonists. Heating the slice

to 40�C served to decrease the input resistance and

the resting membrane potential. The slope of the

excitatory post-synaptic current (EPSC) and the

maximal inward current were also reduced. With

respect to GABA-A receptor responses, increased

temperature was observed to decrease the decay time

constant and to depress the peak amplitude of

GABA-A-mediated IPSCs; the reversal potential

was not changed. Upon return to 32�C, the EPSC
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slope and maximal inward current immediately

returned to baseline. Although the IPSC decay

time constant was restored, the IPSC peak amplitude

recovered only partially within the first minute with

full recovery occurring 5 minutes later. Notably,

these effects could not be attributed to hypoxia or

to changes in metabolic rate. Since the hyperthermic

effects appeared to affect IPSC characteristics more

than those underlying the EPSCs and because

GABA uptake is enhanced with hyperthermia

[62, 63], effects of hyperthermia on IPSCs were

evaluated in the presence of the GABA transporter

blocker SKF89976A. At 32�C this blocker increased

the IPSC decay time constant, while peak amplitude

was unaffected. At hyperthermia, the decay time

constant was not altered; however, the decline in

peak amplitude was attenuated with the drug. Hence,

alterations in GABA transport can only partially

account for effects of hyperthermia. Collectively,

these data were interpreted to indicate that the

hyperthermic effects on GABA-A mediated

responses are more pronounced than those for

excitatory neurotransmission. Due to these influ-

ences and because hyperthermia can increase long-

term potentiation [59, 64], the balance between

excitatory-inhibitory transmission may be shifted

to increased excitation; thereby, contributing the

generation of febrile seizure.

In a subsequent study, Qu and Leung [65]

evaluated whether the hyperthermia-induced effects

on GABAergic function could be attributed to pre-

or postsynaptic mechanisms, or both. Essentially a

paradigm identical to that of Qu and co-workers [61]

was employed except spontaneous IPSCs (sIPSCs)

and miniature IPSCs (mIPSCs) were recorded. The

frequencies of both types of IPSPs were reduced by

hyperthermia and, upon return to 32�C, there was

some recovery in mIPSP frequencies but they did not

return to baseline values. In another experiment,

forskolin – which is known to enhance hippocampal

pre-synaptic GABA release [66] – prevented the

hyperthermia-induced depression of evoked IPSCs

and this influence was abrogated by the selective

protein kinase A inhibitor H89. Alterations in protein

kinase C activity proved ineffective. Further support

for this notion occurred when 4-AP (a Kþ channel

blocker) normalized the evoked IPSC peak ampli-

tude under hyperthermia. Although these findings

support the idea that GABAergic pre-synaptic mech-

anisms are perturbed by increased temperature,

postsynaptic mechanisms also appear to be involved

because increased temperature impacted peak

amplitudes and the decay time constants of the

mIPSCs. Non-stationary noise-analyses suggested

that hyperthermia reduced the total number

of GABA-A receptors that opened during

peak mIPSCs. These latter effects could be mediated

through a number of different GABA-specific mech-

anisms that affect subunit phosphorylation, traffick-

ing, internalization, ligand association/dissociation

with the receptor, as well as other mechanisms that

affect GABAergic function such as cannabinoids

[c.f., 62]. Despite these intriguing electrophysiolog-

ical findings, they may or may not be relevant to

effects of hyperthermia encountered in vivo since

core temperatures exceeding 40�C can produce

substantial neural damage and death [see 23] and

because animals and humans encounter heat stress

for longer periods of time than the 1 minute imposed

in these experiments. Nonetheless, it is possible that

GABA dysfunction is one of many sequelae that arise

in the course of heat stress.

Effects of hyperthermia on human behavior

One aspect of behavior that has received considerable

attention is that of cognitive performance. Although

many investigators have reported that heat stress can

negatively impact cognition in humans, other

researchers have failed to observe any effects or

have even noted an improvement in performance

[67–78]. Despite these discrepancies, it appears that

simple cognitive tasks are resistant to heat stress,

whereas more complex tests as well as concurrent

tasks may be vulnerable to hyperthermia [79–88].

Factors affecting performance include gender [89],

age [see 90], the experience or skill of the test subject

[91], duration of exposure to heat stress [69], rate

of change in deep body temperature [82, 84, 85,

92–95], use of incentives for testing [96], feedback

on performance [97], task type [79, 80, 83], and the

way that temperature is measured [98].

Under prolonged exercise, brain temperatures can

be augmented at least 0.2�C higher than core body

temperatures [99]. Studies of cognition have indi-

cated that performance is unaffected by heat stress

unless deep body temperature becomes elevated

above normal and the prevailing consensus is that

deterioration of cognitive performance is dependent

both upon the severity of heat stress and the

complexity of the cognitive task [78, 98, 100, 101].

Since cognitive performance can be affected by

alterations in mood, stress hormones, monoamines,

and motor performance, a number of researchers

have investigated heat stress effects on these vari-

ables. McMorris and co-workers [88] studied male

recreational athletes who had been habituated to the

test chamber (baseline) (Table II). After 15 min in

the chamber, a blood draw was taken and subjects

were immediately subjected to a series of tasks

where the order of testing consisted of random

movement generation, verbal short-term memory,

spatial short-term memory, choice reaction time,

and a mood survey. Subsequently, males were tested
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under two conditions: temperate (test subject in

shorts and shirt in the 20�C chamber at 40% relative

humidity) and heat stress (subject wore a polyvinyl

chloride suit in the 36�C chamber at 75% relative

humidity). Upon entering the chamber, subjects

began cycling on a cycle-ergometer for 20 min at a

workload of 100 W, were given a 10 min rest, another

20 min cycling session, and a 70 min rest. At the end

of this time, the subject left the chamber, 15 min later

blood was drawn and the individual was retested on

the behavioral tasks. Core body temperature was

measured every 10 min. Heat stress increased core

body temperature by 1.1�C and impaired perfor-

mance only on the random movement generation

test; performance on other tasks was unaffected.

Heat stress also increased feelings of fatigue and

decreased vigor. Some changes in plasma levels of

cortisol, serotonin, noradrenalin and adrenalin were

also noted. Although heart rate was enhanced in

response to increased temperature, neck-head cool-

ing did not alter these responses. Other cardio-

vascular indices showed little change or some

alterations (e.g., stroke volume, cardiac output,

systolic blood pressure, total peripheral resistance)

when body temperature was increased. However,

because the data were analyzed by t-tests instead of

the appropriate and more robust repeated-measures

analysis of variance, it is unclear whether any of the

variables would reach significance with this analysis –

especially since the numbers of subjects (i.e., n¼ 8)

were low. Additionally, because subjects did not have

free access to water during the test sessions and lost

body weight during heat stress, the heat condition

was confounded with dehydration.

In a separate experiment University students were

exposed to combinations of noxious heat, auditory

stimulation, and a cognitive task [102] (Table II).

Tonic heat stimulation (HS) of 46�C over 6 min was

applied to the thenar area of the non-dominant hand.

Auditory stimulation (AS) consisted of vowel-like

acoustic stimuli that had a constant frequency of

100 Hz in four formants: ‘‘the first, third, and

fourth were held constant at their respective

center frequencies’’ (F1¼ 500 Hz, F3¼ 3500 Hz,

F4¼ 4300 Hz), and the second formant (F2) was

modulated ‘‘in a sinusoidal fashion between 1000

and 2400 Hz.’’ The stimuli were presented for

2 seconds at 6, 8, 10, 12, or 14 Hz. The cognitive

task (CT) required the student to state whether there

was a change in the rate of F2 modulation in the

auditory task and whether the direction was decreas-

ing or increasing. Subjects were divided into 4

groups and responses to pain sensitivities were

compared. One group received noxious HS alone.

A second group received the noxious HS and

auditory stimulation. A third group encountered

auditory stimulation (vowel-like acoustic signals)

while performing the cognitive task. A final group

was exposed to the noxious HS and auditory

stimulation while performing the cognitive task.

Subjects rated pain intensity after each test and

were evaluated four times. No group differences

were found in baseline pain rating scores.

Subsequently, the ratings of pain from highest to

lowest were: HS4ASþHS4ASþHSþCT4ASþ

CT. Interestingly, performance on the cognitive tasks

was not distinguished by group assignment, possibly

because the tasks were not that demanding.

Nonetheless, these data indicate that self-reported

rating of thermal pain can be influenced by ongoing

activities. Despite this finding, it should be

emphasized that other investigators have observed

considerable variability in patient self-report of

pain sensitivity and pain threshold or tolerance

[103, 104].

Several researchers have tried to determine

whether cooling the brain can affect neuroendocrine,

motor, or cognitive function under hyperthermia.

Exposure to a sauna at 58�C for 60 minutes was

sufficient to elevate skin temperature by �4�C and

core body temperature by �0.25�C, and to increase

prolactin levels in blood by more than 100% [105].

Face-cooling blocked the prolactin-stimulatory effect

and was associated with greater thermal comfort by

the subjects. In another study male subjects were

exposed to a chamber set at 25�C and 50% relative

humidity or to a chamber that was increased to 45�C

and 50% relative humidity over 30 min [106] (Table

II). Effects of manipulating body and skin (forehead,

hand, calf, back, nape of neck) temperatures were

evaluated according to cardiovascular function,

motor function (Morse tapping or button-pressing

test), cognition, and self-perception of heat-induced

fatigue. The cognitive tasks consisted of simple

reaction time, digital vigilance, choice reaction

time, and visual processing. Cognitive performance

was assessed under three different conditions: low

skin and core temperatures at baseline, high skin and

low core temperatures immediately after the test

chamber temperature had reached 45�C, and at high

skin and core temperatures after the body tempera-

ture had been increased by 1�C. Subjects were tested

without or with neck-head cooling. Neck-head cool-

ing did not affect core body temperature, but did

reduce skin temperatures on the forehead and neck.

Raising body and skin temperatures reduced feelings

of comfort and cooling ameliorated this effect.

Similarly, heart rate was decreased by cooling.

On the motor test, Morse tapping increased with

enhanced temperature while cooling exerted no

effects. For the cognitive tasks, reaction-time and

accuracy of responding were unaffected by increases

in skin heating. However, reaction time and accuracy

were reduced with increased core temperature;
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cooling was without effect. Results from this exper-

iment suggest that increases in core and skin

temperatures may increase feelings of fatigue and

lead to some decrements in cognitive performance.

Neck-head cooling, however, does not appear to

abrogate the mild cognitive deficiency.

Since behavioral tests require a motor response,

some investigators have examined effects of heat

stress and cooling on cognitive and motor responses

[107]. Male and female subjects were randomly

tested under three different conditions [control:

20�C with 45% relative humidity, wet bulb globe

temperature (WBGT)¼ 22.8� 0.6�C; hot: 50�C

with 50% relative humidity, WBGT¼ 43.1� 0.8�C;

and hot with head-cooling: WBGT¼ 44.9� 0.8�C)

for 2 hrs with a 4–7 day inter-test interval (Table II)].

Subjects were initially familiarized with the cognitive

and motor tests. The motor test consisted of electri-

cal stimulation of the tibial nerve while monitoring

the compound muscle action potential (M-waves)

and reflex waves (H-reflex) during brief (4–5 sec-

onds) and sustained (120 seconds) maximal volun-

tary contractions of the plantar flexors. Note, the

Hmax/Mmax ratio was taken as an index of spinal

reflex excitability. The cognitive task consisted of

matching visual patterns to sample, choice reaction

time for two alternative stimuli, pattern recognition

memory, visual information processing, and spatial

span. At the time of testing, subjects entered the

chamber and walked on a treadmill for 10–15 min

(3–5 km/hr), rested for 45 min, and then began the

cognitive and motor testing. Body, skin (forehead,

right gastronemius), and tympanic temperatures

were increased under the hot condition, and cooling

served to reduce only the forehead and tympanic

temperatures but they remained higher than the

control. Under the brief voluntary contraction par-

adigm, torque production was decreased to similar

extents by the hot and cooling conditions; voluntary

activation was only depressed by the hot condition.

This latter effect was accompanied by decreases in

neural transmission at the spinal level (H-reflex) and

at the neuromuscular junction (M-waves). Under

sustained contraction, voluntary activation was fur-

ther depressed without M-wave failure – suggesting

compensation at supraspinal levels. Under hyper-

thermia, cognitive performance was degraded on the

spatial span and pattern recognition memory tasks;

cooling only rescued spatial span performance.

It should be emphasized that the behavioral

responses within groups showed considerable vari-

ability. Importantly, although the data were analyzed

by repeated-measures analysis of variance tests,

comparisons were made separately for control and

hot and for control and hot-cooling groups. Since the

statistical model should have evaluated the three

groups within the same test, the conclusions drawn

from this study may not be reliable and they need to

be replicated.

In an examination of heat stress effects on

motor performance, elbow flexion torque and elec-

tromyographic activity of biceps and triceps brachii

were measured in male and female subjects (�37

years of age) while core temperature was monitored

with an esophageal thermocoupler [108]. Two

experiments were conducted. The first was per-

formed in a thermoneutral environment (core

temperature¼ 37.2�C) where responses were mea-

sured following electrical stimulation of the brachial

plexus or biceps brachii/brachialis motor nerve, or by

transcranial magnetic stimulation of the motor cortex

following brief or sustained stimulation and following

recovery. In the second experiment, subjects con-

sumed warm water and were submerged up to the

neck in a water bath to bring core temperatures to

39.5�C. They were removed from the bath,

placed into a warm room and tested (core

temperature¼ 38.5�C) as outlined above. During

hyperthermia voluntary torque was decreased during

brief maximal voluntary contractions, but responses

induced by motor cortex stimulation were unaf-

fected. Hence, discharge from cortical motor units

may be sufficient to maintain voluntary muscle

activation responses to brief stimulation under

hyperthermic conditions. Under sustained muscle

stimulation, voluntary contractions were further

reduced by hyperthermia; responses to cortical acti-

vation were enhanced. Thus, with hyperthermia and

sustained stimulation there appears to be some

reduction in cortical unit activity or cortical fatigue,

such that peripheral motor responses decline. These

data suggest that both peripheral and central mech-

anisms can be affected by increased temperature,

especially when sustained motor activity is required.

Dewhurst and colleagues [109] have studied

effects of heating and cooling in young (mean: 22

years of age) and older (mean 73 years of age)

females where muscle (vastus lateralis and soleus)

temperatures were increased or decreased by 3�C

over baseline. Electromyographic activities of the

soleus and tibialis anterior muscles were also mon-

itored. Soleus H-reflexes and M-waves were evoked

by electrical stimulation of the posterior tibial nerve.

Although alterations in skin (vastus lateralis,

popliteal fossa, and soleus) temperatures were

observed, tympanic temperatures were unchanged.

Electromyographic activities at baseline and under

various temperature conditions were similar in both

age groups, but the H-reflex output was lower in

older females under control and cooling conditions.

Cooling increased and warming decreased the

latency of the H-reflex. Under these circumstances,

localized warming did not affect spinal reflex excit-

ability at either age; however, cooling enhanced the

Hyperthermia and behavior 363



H-reflex output in younger but not older women.

Although body mass for older females was somewhat

higher than that for younger females, no body fat or

muscle mass index was taken. Possible differences in

these indices could have contributed to the some of

the age effects on motor performance.

In conclusion these results show that heat stress

can affect motor and cognitive performance. Since

motor output is required for responses on cognitive

tests, some cognitive deficiencies may be attributed

to decreased motor performance – especially for tasks

that require more complex motor responses (i.e.,

Morse tapping, etc.). Although it appears that

hyperthermia may exert more deleterious effects on

complex rather than simple cognitive tasks, there

needs to be a more systematic study of the effects

of the duration of different levels of hyperthermia

on performance across a battery of cognitive tests.

Additionally, body temperatures need to be carefully

monitored during these tests.

Overview of effects of radiofrequency radiation
on behavior

Exposure to radiofrequency radiations (3 kHz to

300 GHz) can produce an internal electric field and

related current density within the organism.

Although 1 MHz is often sufficient to stimulate

excitable tissues in humans, thermal effects on

tissues require higher frequencies of stimulation

[110]. It should be noted that lethality in rats often

results when core body temperatures rise above

42�C; however, death can also ensue when skin

temperatures are increased rapidly despite relatively

normal core temperatures (�40�C) [see 111].

Biological effects of radiofrequency radiations

depend upon orientation to the source of the

radiation, wavelength of the radiation, and body

size and shape [111, 112]. Generally, the larger the

organism, the lower the resonant frequency and the

lower the whole body specific absorption rate (SAR)

for a certain power density. Hence, higher power

densities are required to affect body temperatures.

Behavioral responses to continuous and pulsed wave

fields appear to be similar as some types of responses

are disrupted �4 W/kg [111]. Despite this fact, it

should be noted that 5 W/kg can produce

hyperthermia in rat brain, whereas 10 W/kg is

required to disrupt performance on the novel object

test [113, 114]. Investigators have typically used

work stoppage in operant conditioning as an index

for the power density threshold for radiofrequency

radiation [115–121]. Within this paradigm an

increase of �1�C in whole body temperature will

disrupt ongoing responses if the animals are oriented

continually towards the source of the radiation. Since

this point is controversial, it has been suggested that

there may be local ‘‘hotspots’’ and that local SAR,

rather than whole body SAR may be the more

sensitive index of radiofrequency radiation exposure

[118, 122]. Nevertheless, it should cautioned that

work stoppage in animal studies may not indicate

adverse effects of the exposure, but may reflect

instead habituation or attempts to cool-off, escape, or

engage in other responses [123]. Importantly, the

specific brain locus or mechanism (e.g., autonomic

or biochemical changes) mediating the work stop-

page response has yet to be defined.

Effects of radiofrequency radiation on behavior

Effects of electromagnetic field radiation on cognitive

performance have been investigated in animals and

humans. Past research has shown that in both cases,

radiation can facilitate, impair, or produce no effects

on performance [see 111, 124]. Usually, effects of

radiation are measured in terms of changes in

response rate or reaction time. In animals, facilitation

in performance has been observed at 13 W/kg,

whereas deficiencies are noted at less than 4 W/kg.

Although it is clear that radiofrequency radiation can

interfere with operant behaviors, effects on cognitive

performance are less convincing. Yamaguchi and

colleagues [125] exposed adult male rats to a

1439 WmHz pulsed time-division multiple-access

field (50 Hz, 1/3 duty ratio, 6.7 millisecond pulse-

width) (Table III). Animals were subjected to two

different exposure protocols. In one, rats were given

acquisition training for 4 days in a T-maze, had a

4 day hiatus, and were divided into four groups.

These groups consisted of home-cage housed,

sham-exposed, or rats given a brain average SAR of

7.5 W/kg (peak SAR¼ 11 W/kg; whole body average

SAR¼ 1.7 W/kg, peak SAR¼ 32 W/kg) for 1 hr/day

or 25 W/kg (peak SAR¼ 39 W/kg; whole body aver-

age SAR¼ 5.7 W/kg, peak SAR¼ 110 W/kg) for

45 minutes. Both groups were exposed to electro-

magnetic field radiation for 4 days while receiving

reversal T-maze training after each exposure. Note,

the 45 minute exposure was used for the 25 W/kg

group because 60 minute exposures were stressful to

the rats and they were unable to perform the task.

Under the second protocol, rats were run as in the

first, except they were divided into three groups:

home-cage housed, sham-exposed, or were given a

brain average SAR of 7.5 W/kg (peak 11 W/kg) for

1 hr/day for 5 consecutive days, followed by a 2-day

rest-period, over three cycles. Animals were tested

for T-maze reversal in the final 5-day block of

microwave exposure. Intraperitoneal temperatures

were monitored during the time of microwave

exposure and temperatures were only increased

by 2�C in the 25 W/kg group. Only the 25 W/kg
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group showed some impairment in reversal T-maze

performance. Although these findings confirm that

increases in body temperature by more than 1�C are

sufficient to disrupt behavior, it is unclear whether

the mechanism underlying the disturbance is due to

biological (e.g., effects on neural transmission, signal

transduction, etc.) or psychological processes (e.g.,

response competition, etc.). Additional problems

relate to the fact that 75–86% of the rats failed to

acquire the task. Although no group differences were

observed prior to reversal testing, animals were not

trained to a criterion before microwave exposure so

their variability in response may have obscured any

possible effects of the 7.5 W/kg treatments.

Moreover, there was only a single index of perfor-

mance in the T-maze, ‘‘mean correct choices,’’ and

this was examined daily over two blocks of 8 trials

each. This single index of response was sufficient to

discriminate gross differences between the 25 W/kg

and control group, but it might not have been

sensitive to subtle changes in behavior that occurred

within the 7.5 W/kg group. For this reason, addi-

tional indices of behavior should have been taken,

such as latency to reach the reinforced arm, latency

to reach the goal cup, speed of locomotion in the

maze, latency to eat, and numbers of perseverative

errors. Responses on individual trials should have

been analyzed and presented. Finally, since the

average body weights of the rats at the beginning of

the experiment were 675� 70 g, age and weight of

the animals may have reduced the probability of

detecting effects of the 7.5 W/kg treatments.

Effects of electromagnetic field radiation on work-

ing memory have also been evaluated in the 12-arm

radial maze [126] (Table III). Adult male rats were

exposed for 45 min over 10 days to pulsed electro-

magnetic field radiation (2ms pulses, 500 pulses/

second at 2450 mHz) delivering an average whole

body SAR of 0.6 W/kg and tested in the maze

immediately after each exposure. Performance in

the maze was not different between the sham or

radiation-exposed groups. Hence, under these con-

ditions electromagnetic field radiation exposure did

not influence working memory processes in rats.

Unfortunately, effects of radiation on body temper-

atures were not reported.

Besides appetitive paradigms, effects of electro-

magnetic field radiation have been examined on aver-

sive behaviors. Male mice were subjected to sham or

radiation exposures at power densities of 5, 10, 25, or

50 mW/cm2 [127] (Table III). At some time follow-

ing a 20 min exposure, animals were tested in a

multiple-trial inhibitory avoidance paradigm where

they were repeatedly conditioned in a passive

avoidance chamber until they remained on the

lighted side for 60 seconds; retention testing

occurred 24 hrs later. After this latter time, mice

were euthanized and brains were taken for hemotox-

ylin and eosin staining for cell counting in hippo-

campus and amygdala. After radiation exposure,

rectal temperatures were increased by �0.7 and

2.3�C for the 25 and 50 mW/cm2 groups, respec-

tively. The numbers of acquisition trials increased,

while the latency to cross to the darkened chamber at

24 hrs was decreased in the 50 mW/cm2 group

compared to the sham controls. Cell numbers in

CA2 hippocampus were also reduced in the

50 mW/cm2-exposed group; no differences in amyg-

dala cell numbers were noted. Interestingly, when

25 mg/kg theophylline (i.p.) was given 30 min before

radiation exposure, acquisition of the task was

normalized in 50 mW/cm2-exposed group; retention

was still deficient and the numbers of hippocampal

cells were not examined. This study re-affirms that

increases in body temperature greater than 1�C

disrupt cognitive performance. Although there was

a tendency for the 25 mW/cm2-exposed group to

display some deficiencies, the effects were not

significant. Since hippocampal cell number was

affected only in the 50 mW/cm2-exposed group,

additional more selective tests for hippocampal

dysfunction, such as contextual fear conditioning,

object recognition memory, and social transmission

of food preference where both short- and long-term

memory processes are examined, should have been

used – especially with regards to the 25 mW/cm2

group.

Additional investigators have also analyzed

effects of electromagnetic field radiation on brain

morphology and behavior. Male rats beginning at 24

days to 8 weeks of age were exposed to radio-

frequency radiation (900 MHz, pulse duration of

0.577 milliseconds, pulse frequency of 217 Hz) for

2 hrs/day for 5 days/week [128] (Table III). Animals

were assigned to three different groups: sham con-

trol, a low-dose group (whole body averaged SAR of

0.3 W/kg), and a high-dose group (whole body SAR

of 3 W/kg). At the end of the experiment, rats were

submitted to histology/immunohistochemistry or

behavioral testing (spontaneous activity for 5 min in

the open field, plus maze, startle response and

prepulse inhibition, and Morris water maze). No

differences in body weights were observed among the

groups following radiation exposure. Additionally,

no group differences were noted on any of the

behavioral tests, except the Morris water maze where

radiation-exposed rats learned the location of the

hidden platform more quickly than controls.

Morphology studies failed to detect any group

differences with regards to dying neurons, degener-

ative changes, or leakage of the blood-brain barrier.

Although no measure of possible thermal effects was

presented, these data suggest that this level and
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duration of radiofrequency exposure is not deleteri-

ous to behavior.

Besides animal experimentation, a number of

investigators have also recently examined effects of

mobile phone emissions on brain function in humans

[c.f., 129–134]. Some researchers have found that

electromagnetic field radiation facilitates memory

processes, while others observe no effect. None of the

studies has been replicated. In an attempt to replicate

an earlier study [135], Krause and co-workers [136]

mounted a digital phone over an adult male subject’s

left posterior temporal lobe while they performed an

auditory memory test. The phone emitted 902 MHz

at a frequency of 217 Hz with a pulse-width of 0.577

milliseconds at a power of 0.25 W. The SAR values

were 0.878 and 0.648 mW/g averaged over 1 and 10 g

of tissue. Electroencephalograms were taken while

the phone was ‘‘on’’ or ‘‘off ’’; the total test time for

this within subject experiment was �60 minutes.

Although higher numbers of errors occurred when

the phone was ‘‘on’’ than ‘‘off ’’ and early (100–500

milliseconds) and event-related synchronizations in

the 4–6 and 6–8 Hz bands were decreased, these

behavioral results did not replicate their earlier study

[135]. Moreover, in the previous report they

observed changes in all frequencies of electroen-

cephalographic activity examined, not just in the first

two bands.

In another attempt to replicate earlier work where

electromagnetic field radiation facilitated cognitive

performance [131], Haarala and colleagues [137]

used the same phones as described above while

subjecting males and females to different cognitive

tasks. Notably, the subjects were tested in two

independent laboratories, one in Finland and the

other in Sweden. The replicate tests consisted of a

simple reaction time task, a two-choice reaction-

time, a ten-choice reaction-time, a subtraction, a

verification, a vigilance, and three additional tasks

composed of modified Stroop tests. The same

subjects were tested with the phone ‘‘on’’ or ‘‘off ’’

with sessions separated by 24 hrs. Unfortunately, this

experimental design was confounded because reac-

tion times for subjects were shorter on the same tasks

on test day 2. No effects of radiation exposure were

observed. Hence, these results fail to replicate those

from Koivisto and co-workers [131].

In a separate study, these same investigators [138]

examined effects of electromagnetic field radiation

on short-term memory processes using the subjects

and phones described above [137]. The average SAR

was slightly higher (0.683 versus 0.990 W/kg) in the

present study. The skin temperature at the location

of phone-contact was increased by 1.5�C and main-

tained after 20–40 minutes when the phone was

‘‘on.’’ Subjects were tested twice, under sham

(phone ‘‘off ’’) or radiation (phone ‘‘on’’) conditions,

separated by 24 hrs. As in the previous experiment

[137], a learning effect was evident where reaction

times were shorter on test day 2 than day 1 regardless

of memory load. Overall, electromagnetic radiation

did not affect short-term memory processes in this

experiment.

Other researchers have exposed different sides of

the head to radiofrequency radiation while perform-

ing cognitive tasks that reputedly rely more upon one

cerebral hemisphere than another [139]. Adult male

right-handed subjects were evaluated on a verbal

item recognition task, a spatial item recognition task,

and two different spatial compatibility tests. Subjects

were tested over 2 hrs with a 5 minute inter-test

interval. They were exposed alternately on the left or

right side or sham-exposed to 890.2 MHz with a

pulse width of 0.577 milliseconds at a power of

0.25 W. Responses were faster in the second session

than the first signifying a training effect. Reaction

times on the verbal and spatial recognition and the

spatial compatibility tests were faster with the right

than left hand, confirming the subjects were right-

handed. There was also some evidence that radiation

exposure slowed only left-hand responding in these

same tests. These results are difficult to interpret

because it is unclear why microwave exposure,

irrespective of task, would only affect responses

with the left hand unless handedness or some

additional variable was confounded.

In a study by the same group, male right-handed

subjects were subjected to only one of three condi-

tions: sham, left-side, or right-side of head exposure

[140]. The same characteristics of radiofrequency

radiation were used with SARs ranging from 0.54 to

1.09 W/kg, depending upon phone position. Subjects

were evaluated on a spatial working memory task

over two test sessions. Again, a training effect was

evident since performance on the second session was

superior to the first, and right-hand were faster than

left-hand responses. As in the previous study, the

results are difficult to interpret. Some clarity may

have been rendered if the one-half of the subjects had

used the right hand for matches and the left for

mismatches, while the remaining half were trained to

respond in an opposite fashion.

Some subjects who use mobile phones have

reported incidences of headache, dizziness, or other

types of discomfort or pain [141]. These symptom-

atic subjects were compared to non-symptomatic

males and females in a virtual Morris water maze

during left-head exposure to 884 MHz set to non-

discontinuous or discontinuous transmission modes

with psSAR10 g of 1.95 and 0.23 W/kg, respectively.

Performance improved in the symptomatic group

with radiation exposure, whereas no effects were

observed in the non-symptomatic group. However,

since the symptomatic group contained more women
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than men, it may be the case that performance of

females is more sensitive to microwave radiation than

men. These results need to be replicated and

extended using more conventional tests of cognition.

Besides electromagnetic field exposure from

mobile phones, some investigators have examined

effects of living in proximity to a mobile phone base

station. In a large study, 365 subjects were assigned

to three groups according to estimates of maximal

power density: �0.1, 0.1 to 0.5, and 40.5 mW/m2

[142]. Subjects had to be exposed the high frequency

electromagnetic fields for at least 8 hrs a day for

1 year. They were evaluated according to subjective

symptoms, memory processes, reaction time, and

perceptual speed. Only perceptual speed and some

subjective symptoms (i.e., headaches, cold hands or

feet, difficulty in concentrating) were enhanced with

increased exposure levels. It should be emphasized

that when subjects who reported head pain and

discomfort with cell phones were evaluated in a

double blind experiment, no evidence was obtained

supporting these subjective symptoms [143].

Collectively, these findings suggest that very few

behavioral abnormalities, if any, result from exposure

to low power densities of high frequency electro-

magnetic fields.

By comparison, in a cross-sectional study of 165

subjects Abdel-Rassoul and colleagues [144]

reported that proximity to a mobile phone base

station for 8–15 hrs a day was associated with some

behavioral dysfunction. Subjects were queried for

neuropsychiatric complaints and evaluated on a

variety of neurobehavioral tests. Subjects that lived

under the antenna or in a building opposite the

antenna expressed more complaints and performed

less satisfactorily on a test of auditory attention and

short-term memory than subjects living at least

2 kilometers from the base station. However, these

former subjects performed superior to controls on

tests of visuomotor performance and attention.

Subjects living opposite the antenna had lower

performance scores on problem solving than those

living in the building under the antenna. These data,

as for all other electromagnetic field radiation

experiments, need to be replicated and, in some

cases, other factors (socioeconomic status) need to

be controlled.

In summary, it appears that electromagnetic field

radiation emitted at levels comparable to mobile

phone use produces conflicting effects on behavior

where cognition is facilitated, impaired, or not

changed. Most of the experiments to date suffer

from irreproducibility even by the original investiga-

tors. This suggests either that the radiation level is at

a threshold where some individuals are affected while

others are not, or that the level is innocuous. There is

evidence, however, that some individuals may be

more susceptible to experiencing certain neuro-

psychological effects (e.g., sleep disturbance, head-

ache, etc.) than others. Nonetheless, thermal changes

appear to account for almost all of the behavioral

effects reported.

A theoretical model of heat-stress effects
on cognitive performance

A limitation in interpreting effects of heat stress on

cognitive responses has been the lack of a firm

theoretical framework on which to design experi-

ments and to interpret results. Traditionally, classical

arousal theory has been used for this purpose.

This theory predicts that arousal and performance

can be described as an inverted U-shaped function

[145–147]. As applied to heat stress, increases in

environmental temperatures produce a concomitant

enhancement in arousal and an improvement in

cognitive performance. However, at some point

performance reaches a maximum and further

increases in temperature lead to decrements in

performance. In practice, this theory is descriptive,

not quantitative, its predictive power is limited, and

arousal may be multimodal [148–150]. Moreover,

the inverted U-shaped function has been rarely

quantified by investigators [148,150,151]. In an

attempt to better describe effects of heat stress, the

Maximal Adaptability Model has been proposed

[152]. This theory was originally developed to

describe changes in behavioral performance due to

heat stress as reflecting alterations in attentional

resources. Under low heat stress conditions (i.e.,

hypostress), performance is not impeded. As the

levels of stress increase, the zone of maximal adapt-

ability is reached and adjustments to the attentional

demands of the task are easily achieved such that

performance remains the same or may even increase.

After this point, increased intensities of stress lead to

decrements in performance.

Although the Maximal Adaptability Model was

originally adopted to explain heat stress effects on

attention, it has now been expanded to include

cognitive performance. To test this idea,

Vasamatzidis and colleagues [97] took 12 male

students (22–30 years of age) and exposed them to

six different climates of 22, 28, and 34�C (wet bulb

globe temperatures or WBGT) in combination with

30 and 70% relative humidity while they were

engaged various behavioral tests. These tasks

included display monitoring (DS), math processing

(MP), memory search (MS), unstable tracking (UT),

and the composite score from SYNTASK. The latter

test as composed of 4 simultaneous tasks consisting

of the Sternberg memory search task, an arithmetic

task, visual monitoring, and an auditory
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discrimination. Subjects were exposed to only one

climate on any given day with a rest day interposed

between test days. The daily 2 hr test was divided

into four 30-minute periods. Tests were presented

for a each period in the following invariant order:

DM with MP, MS with MP, UT with MS,

SYNTASK, DM with MP, MS with MP, and UT

with MS. Heart rate and ear temperature were

monitored during the tests.

Prior to testing, subjects received 7 training trials.

At the end of training, performance was very stable.

The results indicated that working memory (i.e., MS

and MP) were resistant to heat stress effects, whereas

manual responses (i.e., UT) were most susceptible to

stress. Under time-sharing conditions (i.e., DM,

SYNTASK-visual monitoring and SYNTASK-audi-

tory discrimination), heat stress negatively impacted

performance. Surprisingly, humidity was often

inconsequential; however, interactions between tem-

perature and humidity were apparent as performance

at 22�C and 30% relative humidity was superior on

the MS and UT tasks relative to those at 34�C and

70% relative humidity. In summary, results from this

experiment imply that only manual responses are

impacted with heat stress. It should be emphasized

that the reliability of these findings will depend upon

their ability to be replicated by other investigators.

Furthermore, since the study was run with college

students, it is unclear to what extent these laboratory

data can be generalized to other groups. Moreover,

the cognitive tasks that were employed may not have

been demanding enough to rigorously and system-

atically assess cognitive performance. For the most

part since cognitive performance was not affected by

heat stress, it is unclear the extent to which the

Maximal Adaptability Model can be applied to

evaluating effects of heart stress on resource alloca-

tion in cognitive function, especially because

resource allocation may vary in different ways

according to the requirements and specificity of the

behavioral task. Although this model has heuristic

value, it presumes that various pre-existing subject

conditions (e.g., prior experience, anxiety, depres-

sion), environmental factors (e.g., humidity, time of

day), task demands, and cognitive abilities are

homogeneous and impinge upon cognitive processes

in similar manners.
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