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Pääkkönen, Tiina, Melatonin and thyroid hormones in the cold and in darkness.
Association with mood and cognition
Faculty of Medicine, Institute of Biomedicine, Department of Physiology, University of Oulu,
P.O.Box 5000,  FI-90014 University of Oulu, Finland; Centre for Arctic Medicine, Thule
Institute, University of Oulu, P.O. Box 5000,  FI-90014 University of Oulu, Finland; Finnish
Institute of Occupational Health, Oulu, Aapistie 1,  FI-90220 Oulu, Finland 
Acta Univ. Oul. D 1045, 2010
Oulu, Finland

Abstract
The purpose of the study was to examine the cold-induced effects on pineal and thyroid hormones,
as well as the associations of these hormones with psychological performance and to determine
how psychological performance could be affected by demographic, anthropometric, physiological
or biochemical measures during cold acclimatisation. The feasibility of urinary melatonin (MT),
rather than 6-sulphatoxymelatonin (aMT6s), as an indicator of MT secretion was also examined. 

In the laboratory study, seasonal cold acclimatisation, its effects on hormones and their
associations with mood and cognition were assessed in 15 young urban subjects exposed to cold
in winter or summer in bright or dim light. In the field study, the associations of mood and
cognition with demographic, anthropometric, physiological and biochemical measures were
determined in healthy, euthyroid subjects (n = 133) in Antarctica in the beginning and at the end
of summer and winter seasons. 

In both seasons, simple task performance was consistently impaired in the cold in experimental
and field conditions. In complex tasks, negative, positive and mixed effects were observed. In the
experimental study, serum MT and thyroid hormone levels were positively associated with mood.
MT was negatively associated with simple task performance. Free triiodothyronine (T3) and
thyrotropin (TSH) had mixed effects on simple task performance. TSH was positively associated
with complex task performance. In the field study, higher age was associated with impaired
cognition, especially in complex task performance. Total T3 was positively associated with mood
and total thyroxine (T4) with complex task accuracy. Both urinary MT and aMT6s were good
indicators of MT secretion, but the variation was smaller for MT. 

In conclusion, the associations of serum MT, TSH and thyroid hormone levels with mood and
cognition found in experimental and field conditions are consistent with the psychological
changes associated with the onset and consequent stages of the previously established polar T3
syndrome. In the field study, cognition and mood were associated with subject’s age and gender,
which seemed to affect the physiological changes during acclimatisation to cold and darkness in
Antarctica. 

Keywords: acclimatisation, cognition, cold climate, cold temperature, darkness,
environmental exposure, light, melatonin, seasons, thyroid hormones
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Tiivistelmä

Tutkimuksen tarkoituksena oli selvittää kylmäaltistuksen aiheuttamia muutoksia käpy- ja kilpi-
rauhasen hormonien tasoissa, hormonien yhteyttä psyykkiseen toimintakykyyn sekä demografis-
ten, antropometristen, fysiologisten ja biokemiallisten tekijöiden yhteyttä psyykkiseen toiminta-
kykyyn kylmäakklimatisaation aikana. Lisäksi verrattiin virtsan melatoniinin (MT) ja 6-sulfat-
oksimelatoniinin (aMT6s) soveltuvuutta MT-erityksen kuvaajina. 

Laboratoriotutkimuksessa selvitettiin talveen liittyvää kylmäsopeutumista, sen vaikutusta
hormonitasoihin ja näiden yhteyttä mielialaan ja älylliseen toimintakykyyn 15 nuorella miehel-
lä, jotka altistettiin kylmälle talvella ja kesällä sekä kirkkaassa että hämärässä valossa. Kenttäko-
keessa Antarktiksella selvitettiin mielialan ja älyllisen toimintakyvyn sekä demografisten, antro-
pometristen, fysiologisten ja biokemiallisten tekijöiden välistä yhteyttä terveillä henkilöillä (n =
133) kesä- ja talvikauden alussa ja lopussa. 

Suoriutuminen yksinkertaisista tehtävistä huononi kylmässä kesällä ja talvella sekä laborato-
rio- että kenttäoloissa. Kylmä vaikutti monimutkaisista tehtävistä suoriutumiseen vaihtelevasti.
Laboratoriotutkimuksessa seerumin MT- ja kilpirauhashormonitasot korreloivat positiivisesti
mielialan kanssa. MT korreloi negatiivisesti yksinkertaisista tehtävistä suoriutumisen kanssa.
Vapaa trijodotyroniini (T3) ja tyrotropiini (TSH) korreloivat vaihtelevasti yksinkertaisista tehtä-
vistä suoriutumisen kanssa. TSH korreloi positiivisesti monimutkaisista tehtävistä suoriutumi-
sen kanssa. Kenttätutkimuksessa korkeampi ikä oli yhteydessä huonontuneeseeen älylliseen toi-
mintakykyyn erityisesti monimutkaisissa tehtävissä. T3:n kokonaismäärä korreloi positiivisesti
mielialan ja tyroksiinin (T4) kokonaismäärä monimutkaisista tehtävistä suoriutumisen kanssa.
Sekä virtsan MT että aMT6s olivat hyviä MT-erityksen mittareita, mutta MT:ssa vaihtelu oli pie-
nempää. 

Laboratorio- ja kenttäolosuhteissa havaitut MT:n, TSH:n ja kilpirauhashormonien yhteydet
mielialaan ja älylliseen toimintakykyyn vahvistavat aiemmin havaittuja tuloksia polaarisen T3-
oireyhtymän synnystä ja oireyhtymän eri vaiheisiin liittyvistä psyykkisistä muutoksista. Kenttä-
tutkimuksessa mieliala ja älyllinen toimintakyky olivat yhteydessä koehenkilön ikään ja suku-
puoleen, jotka puolestaan voivat vaikuttaa fysiologisiin muutoksiin kylmään ilmastoon ja pimey-
teen sopeutumisen aikana. 

Asiasanat: akklimatisaatio, kilpirauhashormonit, kylmä ilmasto, kylmä lämpötila,
melatoniini, pimeys, valo, vuodenajat, ympäristöaltistus, älyllinen toimintakyky





 

Nobody gave me a contract when I was born saying it’s 
going to be a walk in the park… because it isn’t… and it 

never has been... (David Coverdale) 
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List of abbreviations and definitions 

A adrenaline, epinephrine (E, pmol/l) 

ANAM Automated Neuropsychological Assessment Metric 

AR Antarctic residence 

aMT6s 6-sulphatoxymelatonin (pmol/h) 

AUC area under the curve 

BAT brown adipose tissue 

BMI body mass index (kg/m2) 

BP blood pressure (mmHg) 

clo clothing insulation value 

CNS central nervous system 

CV coefficient of variation 

HR heart rate (beats/min) 

LDL low-density lipoprotein 

M metabolic heat production, metabolic rate (W/m2) 

MT melatonin (pmol/l) 

NA noradrenaline, norepinephrine (NE, nmol/l) 

NST non-shivering thermogenesis 

RIA radioimmunoassay 

RT response time (ms) 

SAD seasonal affective disorder 

SCH subclinical hypothyroidism 

SHBG sex hormone-binding globulin (nmol/l) 

S-SAD subsyndromal seasonal affective disorder 

Trect rectal temperature (°C) 
Tsk mean skin temperature (°C) 

T3 triiodothyronine 

T4 thyroxine 

TBG thyroxine-binding globulin (nmol/1) 

TMD total mood disturbance 

TRP transient receptor potential 

TSH thyroid-stimulating hormone (mU/l) 

UCP uncoupling protein 
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1 Introduction 

Arctic and Antarctic regions are denoted as areas located near or above the Arctic 

(66°N) or Antarctic circles (66°S), beyond the tree line or areas with permafrost. 

Circumpolar areas are denoted as being located near the poles with no limitations 

for geographic latitude. If anything, they are characterised by environmental, 

social, cultural and economical differences from their surrounding areas. The 

circumpolar environmental conditions are characterised by significant circannual 

variation in temperature and photoperiod setting definite demands for everyday 

life and work. Technical development in clothing and housing has made the 

settlement of humans possible in all corners of the Earth. Bogoyavlenskiy & 

Siggner (2004) have estimated that ca. four million people live in the Arctic. Over 

280 million people inhabit the circumpolar regions (Reed et al. 2001). 

The cold stimulus is characterised by its intensity, duration and repeating 

times. From a physiological perspective, cold activates the human 

thermoregulatory system, whereas from a psychological point of view, cold 

causes unpleasant thermal sensations or even cold-induced pain causing stress. 

From a behavioural standpoint, “cold” is any ambient temperature below 17°C, 

where safety-related occupational behaviour starts to be impaired (Ramsey et al. 
1983). However, the threshold temperature is affected by metabolic workload and 

working time. Furthermore, from a population health perspective, cold denotes an 

environmental temperature below which mortality increases linearly (e.g., 18°C 

in Europe, 14°C in Finland) (The Eurowinter Group 1997). The mean daily 

temperature is below this temperature for 200–360 days per year in Europe. In 

Finland, located between 60–69°N, the daily mean temperature is below 0°C 

(meteorological winter) for 90–220 days per year (3–7 months). Evidently, 

circumpolar residents are exposed to cold in significant amounts in their everyday 

life. 

At its mildest, cooling causes unpleasant sensations and thermal discomfort. 

In occupational and recreational activities (e.g., winter sports), discomfort may 

act as a distraction impairing performance in tasks requiring concentration and 

vigilance, consequently increasing the risk of accidents and injuries. Furthermore, 

cold exposure may impair cognition (Palinkas 2001) and physical performance 

(Oksa 1998) by increasing the effort needed to complete the same task compared 

to a warm environment. This might lead to reduced occupational efficiency and 

increased risk of accidents and injuries. Furthermore, Mäkinen (2006) found that 
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even moderate whole-body cooling, causing only superficial cooling, increased 

postural sway indicating impaired postural control. 

Humans can adapt to living in a cold environment. Thermal adaptation may 

be partially genotypic, a result of genetic selection (Taylor 2006). However, most 

of the thermal adaptation is phenotypic, i.e., occurring rapidly and within the 

person’s lifetime. Actually, the most pronounced thermal changes related to 

adaptation occur within the first couple of weeks (LeBlanc et al. 1975, Rintamäki 

2001). Physiological adaptation is a neuroendocrine process including changes 

mainly in circulation and hormone secretion. Physiological responses to cold are 

subject to significant individual variation. The shape and mass of the body, the 

amount of subcutaneous fat, physical fitness, age and gender as well as some 

illnesses and medications affect the individual ability to protect against cold 

(Stocks et al. 2004) and the development of cold acclimatisation. 

Acclimatisation studies performed in both natural and controlled laboratory 

conditions vary significantly with regard to cold stimuli in terms of temperature, 

time and type of exposure (cold water or air, local or whole-body cooling), 

making the results of these studies difficult to compare. Furthermore, new aspects 

about the effects of genes on cold tolerance have been found. Extremely cold 

environmental conditions could have led, through natural selection, to an 

increased frequency of a combination of specific genes or alleles (cold climate 

genes) promoting adaptation to these conditions through increased thermogenesis 

(Fridlyand & Philipson 2006). 

No study has examined the simultaneous impact of cold and darkness on 

mood and cognitive performance. Cold and darkness may affect behaviour and 

performance in different ways: darkness via alteration in melatonin (MT) level 

and cold via alterations in thyroid hormone levels. The present thesis focuses on 

two aspects of cold acclimatisation. Firstly, it describes the functional significance 

of exposure to cold and darkness as well as subsequent cold acclimatisation on 

serum MT and thyroid hormone levels as well as on psychological measures 

(mood, cognition). Secondly, the associations between the acclimatisation-

induced changes in the hormonal and psychological measures are assessed. 
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2 Review of literature 

This literature review focuses on the effects of a whole-body cold air exposure on 

human thermoregulation, cold acclimatisation, hormone secretion, mood and 

cognition. In addition, the associations between MT, thyroid-stimulating hormone 

(TSH) and thyroid hormone secretions and psychological measures (mood, 

cognition) are discussed. 

2.1 Human thermoregulation in cold environment 

Man is a tropical mammal in terms of thermal physiology. The thermoneutral 

zone is relatively narrow (25–27°C) for a naked resting man (Erikson et al. 1956). 

In this temperature range, heat fluxes are mainly controlled via changes in 

cutaneous vascular tone without regulatory changes in metabolic heat production 

(M) or evaporative heat loss. Man is also a tachymetabolic homeotherm with a 

relatively narrow range in the cyclic core temperature variation (circadian, 

menstrual, seasonal). The core temperature is maintained at ca. 37ºC, with a 

circadian fluctuation of 0.5–0.7ºC, varying only to a minor extent with changes in 

environmental temperature. In contrast, the skin temperature, especially in the 

extremities, shows greater variation in response to environmental temperature. 

Below the thermoneutral zone, the physiological heat-producing and heat-

conserving mechanisms become activated. Heat production can be increased by 

accelerated metabolism indicated by increased oxygen consumption and enhanced 

utilisation of fuel substances, such as free fatty acids (FFAs) and carbohydrates. 

Most (> 80%) of the metabolic energy is released as heat and the rest is available 

for mechanical work. The heat-producing mechanisms are skeletal muscle 

shivering and chemical heat production (non-shivering thermogenesis, NST). In 

the cold, the maximal heat production by shivering can be about five times greater 

than under thermoneutral conditions (Iampietro et al. 1960). Heat balance can 

also be regulated by mechanisms reducing heat loss, such as vasoconstriction and 

behaviour. 

The human thermoregulatory system is comprised of 1) thermoreceptors, 2) 

neural pathways mediating afferent and efferent information to and from the 

central nervous system (CNS), 3) the controlling system in the CNS and 4) the 

thermoeffector system. The thermoreceptors are thermosensitive free nerve 

endings that react to a change in temperature. They can be divided into quick- and 

slow-adapting receptors that can be found in the skin, but also in the vicinity of 
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blood vessels, lungs, digestive tract, skeletal muscle and the CNS (midbrain, 

medulla oblongata, hypothalamus) (Hensel 1981). Activation of the cold receptors 

in peripheral parts of the body alone is sufficient to activate the thermoregulatory 

mechanisms, but the most effective responses to cold stimulus are induced by the 

simultaneous activation of cold receptors both in the skin and the inner parts of 

the body (O’Brien et al. 2000, Rintamäki et al. 2005). Cold sensations are elicited 

via thermosensitive transient receptor potential (TRP) channels non-selectively 

permeable to calcium. TRPM8 is sensitive to menthol and temperatures below 

28°C, whereas TRPAI responds to intense cooling below 18°C (McKemy 2005). 

From peripheral and central thermoreceptors, afferent signals are transferred 

by Aδ myelinated fibres, which collect in the anterior hypothalamus and the 

reticular formation. The thermoregulatory control centre is located in the preoptic 

area of the anterior hypothalamus (Mehler et al. 1960, Crawshaw et al. 1990). 

The anterior hypothalamus controls heat loss, whereas the posterior hypothalamus 

regulates heat production (McIntyre 1980). The integration of thermal signals at 

several levels within the CNS makes the control of body temperature complex 

(Zeisberger 1998). Moreover, both inhibitory and excitatory neurons participating 

in temperature regulation appear to exist (Boulant 1981). Several models of 

human thermoregulatory system have been proposed (e.g., Stolwijk & Hardy 

1966, Bligh 1979, McIntyre 1980, Werner 1980, 2008). However, it is not fully 

established how the thermal information is sensed, integrated, processed or 

transferred to the effector system. Furthermore, the thermoregulatory “set-point” 

controlling thermoregulation is not fully understood, either. Due to interference 

with non-thermal variables, pathological influences (e.g., starvation, hydration, 

fever) or adaptation, the “set-point” may change temporarily. 

The efferent signals are mediated by the thermoeffector system involving 

either autonomic (e.g., shivering, NST, vasoconstriction) or behavioural responses 

to cold modifying heat production and heat loss. Behavioural thermoregulation 

includes any coordinated movement by an individual aimed to establish a thermal 

environment that represents a preferred condition for heat exchange (e.g., seeking 

shelter, changes in posture, clothing, housing) (IUPS Thermal Commission 2001). 

Behavioural responses affect human thermal environments significantly. 

Chemical heat production is seen in brown adipose tissue (BAT), which can 

liberate its chemical energy in the form of heat with the help of uncoupling 

proteins (UCPs). In newborns, BAT occurs in the subscapular area, and in adults 

around large vessels. Thyroid and adrenal medullary hormones and the 

sympathetic nervous system stimulate the activation of UCPs (Silva & Rabelo 
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1997, Silvestri et al. 2005). Of the five types of UCPs, UCP1 is the most 

important for heat production. Cold-induced increase in the blood noradrenaline 

(NA) concentration stimulates lipolysis as well as the production of cyclic AMP 

and FFAs in BAT. FFAs open the mitochondrial channel protein in BAT, enabling 

the protons to enter the mitochondria and inhibit ATP synthesis (uncoupling) so 

that energy is transformed into heat instead of ATP. Heat is mainly produced by 

NST in newborns and infants. In adults, heat production through NST is minor 

compared to other heat-producing mechanisms. However, in chronic and severe 

enough cold exposure, activation of NST (Vybíral et al. 2000, Cannon & 

Nedergaard 2004) and increasing amounts of brown fat (Huttunen et al. 1981, 

Nedergaard et al. 2007, van Marken Lichtenbelt et al. 2009, Virtanen et al. 2009) 

have also been found in adults. 

Individual psychological characteristics and core temperature preserving 

strategies also cause considerable differences in responses to cold exposure. 

Extrovert persons seem to have the best defence ability against cold by effective 

onset of shivering and sympathetic nervous system activation (LeBlanc et al. 
2003, 2004). Furthermore, some persons protect themselves via increasing 

metabolism, whereas in others heat-preserving mechanisms in the peripheral parts 

of the body dominate (Vybíral et al. 2000, Westerterp-Plantenga et al. 2002, 

Maeda et al. 2007). 

2.2 Cold adaptation 

Adaptation denotes the changes that reduce the physiological and emotional strain 

produced by stressful components of the total environment (IUPS Thermal 

Commission 2001). These changes may be phenotypic occurring within the 

lifetime of an organism or genotypic as a result of genetic selection. Phenotypic 

adaptation can be divided into habituation, acclimation and acclimatisation. 

Habituation denotes the reduction of responses to, or perception of, a repeated 

stimulation. Acclimation denotes the changes that reduce the strain caused by 

experimentally induced stressful changes in particular climate factors. 

Acclimatisation denotes the physiological or behavioural changes that reduce the 

strain caused by stressful changes in the natural climate (e.g., seasonal, 

geographical). 

Cold adaptation may develop via blunted or enhanced responses to cold. The 

pattern of adaptation responses depends on the properties of the cold exposure: 

type (air, water), duration, severity, the distribution of tissue cooling in the body, 
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the number of cold exposures, as well as individual factors, such as diet, physical 

fitness, body fat and anthropometry (Young 1996, van Marken Lichtenbelt et al. 
2002, Maeda et al. 2005, 2007). Blunted responses to cold are a lesser rise in 

blood pressure (BP) (LeBlanc et al. 1975) and decreased M (Radomski & 

Boutelier 1982, Hesslink et al. 1992, Castellani et al. 1998), delayed onset of 

shivering (Budd et al. 1993, Vybíral et al. 2000), diminished skin and peripheral 

vasoconstriction (Brown & Page 1952), less intense sensations of cold 

(Leppäluoto et al. 2001), decreased stress as judged by circulating catecholamine 

and cortisol levels (Hesslink et al. 1992, Mäkinen et al. 2008), as well as possibly 

decreased core temperature (Castellani et al. 1998). Enhanced responses to cold 

are increased M and shivering (Scholander 1958), enhanced skin and peripheral 

vasoconstriction (Young 1996), improved muscle circulation, as well as possibly 

improved insulation due to a thicker subcutaneous adipose tissue layer. 

Habituation is the most common form of cold adaptation (Young 1996). 

When whole-body cooling is not substantial, habituation develops in response to 

prolonged or repeated cold exposures. In the course of cold exposures, the bodily 

system learns that the situation is not dangerous and there is no need for strong 

thermoeffector responses (LeBlanc 1992). In habituated persons, shivering and 

vasoconstriction become blunted leading to a greater fall in core temperature 

compared with non-habituated persons. In addition, the stress responses are 

reduced, meaning a lesser rise in BP and the secretion of stress hormones. 

Cold adaptation has been found to develop via hypothermic, insulative or 

(hyper)metabolic reactions (Bittel 1992). In addition, mixtures of these types have 

been observed in the form of insulative-hypothermic or metabolic-insulative 

adaptation. In hypothermic adaptation, the core temperature is allowed to fall to a 

lower level than normally before the onset of heat-producing mechanisms. 

Hypothermic adaptation can also include strong lowering of the skin temperature 

increasing body insulation (Hammel 1964, Hensel 1981) and possibly lower M. 

When the prolonged or repeated cold exposures cause significant heat loss, more 

pronounced physiological adjustments occur (Young 1996). When M is 

insufficient to prevent the core from cooling, vasoconstriction and consequent 

insulation are enhanced (Bittel 1992, Young 1996). These responses are typical of 

insulative adaptation. Again, situations where core cooling can be compensated 

by increasing heat production, lead to metabolic adaptation (Young 1996), where 

the rate of blood flow, basal metabolism and deep body temperature increase after 

cold exposure compared to non-adapted individuals. 
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Prolonged or repeated severe exposure to cold has been found to lead to 

hypothermic acclimation including reduced rectal temperature (Trect) (Davis 1961, 

Brück et al. 1976, Marino et al. 1998). Young et al. (1986) observed insulative-

hypothermic acclimation characterised as decreased Trect and skin temperatures. 

Bittel (1987) reported metabolic acclimation including increased metabolism 

together with decreased Trect and skin temperatures. 

Bittel (1987) has proposed an alternative explanation for the determinants of 

cold adaptation: the type of adaptation is dependent on the body composition, so 

that lean persons develop metabolic and less fit persons develop insulative 

adaptation. Furthermore, the amount of heat debt can be used as an index of 

adaptation (Bittel 1987). Detailed aspects of human adaptation, acclimation and 

acclimatisation to cold have been reviewed by Bittel (1992, 1998), Leblanc 

(1992), Young (1996), Janský (1997) and Janský et al. 1998). 

Studies of human cold adaptation have mainly been carried out among 

indigenous people living in cold districts (e.g., Hammel 1964, Snodgrass et al. 
2005), during polar expeditions (e.g., Purkayastha et al. 1992, Savourey et al. 
1992, Rintamäki et al. 1993, Livingstone et al. 1996) or by exposing subjects to 

cold stress of various severity (e.g., Hurley et al. 1964, Raven et al. 1970, Muza 

et al. 1988, Tikuisis et al. 1991, Hesslink et al. 1992, Vybíral et al. 2000, Mäkinen 

et al. 2006a, 2008). Among indigenous people, hypothermic acclimatisation has 

been observed in aboriginals in the Kalahari Desert (Hammel 1964) and in 

Korean breath-hold divers (Hong 1963). Hypothermic acclimatisation has also 

been observed in Arctic explorers (Bodey 1978). Metabolic acclimatisation has 

been observed in the Yakut of Siberia (Snodgrass et al. 2005) and in individuals 

living in high latitudes with active physical training at the same time (Scholander 

1958). 

The magnitude of cold-induced physiological responses has been found to 

vary seasonally. In standardised cold exposure tests, the most significant 

physiological changes in these reactions were observed in spring (Girling 1967). 

In wintertime, darkness has also been associated with the effects of cold 

(Leppäluoto et al. 2005). 

In conclusion, several environmental and individual factors affect the cold 

adaptation pattern. In addition, genetic and ethnic differences cannot be ruled out, 

although no conclusive evidence has been presented (Leonard et al. 2002, Taylor 

2006, Rao et al. 2007, 2008). 
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2.2.1 Cold acclimatisation in urban societies 

In urban people, only few studies conducted mainly in mild or moderately cold 

climates have reported seasonal differences in cold-induced thermal responses. 

Winter has been observed to induce a variety of acclimatisation responses. A 

Dutch study of men and women reported an increased response in M in winter 

compared with summer in subjects exposed to moderate (15°C) cold (van Ooijen 

et al. 2004). Lee & Tokura (1993), Li et al. (1994) and Inoue et al. (1995) found 

seasonal changes in the responses in M, Trect and skin temperatures during mild 

cold exposure (10–15°C) in Japanese subjects, although with no consistent 

acclimatisation pattern. In addition, a Finnish study by Mäkinen et al. (2004) 

reported exacerbated cold-induced responses in Finnish subjects during winter 

resembling those of non-acclimatised people (Mäkinen et al. 2004). Comparison 

of the results between the abovementioned studies is not possible due to differing 

study protocols. Furthermore, subjects living in Northern Europe have been 

reported to protect their extremities better with a given fall in temperature 

compared to their counterparts in Southern Europe (Donaldson et al. 2001) 

indicating that a significant part of cold acclimatisation in urban societies might 

be behavioural. 

2.2.2 Cold acclimatisation during polar expeditions 

Several studies have reported on the cold acclimatisation responses of the 

personnel residing in Antarctica for defined periods (e.g., Budd & Warhaft 1966a, 

1966b, Wyndham & Loots 1969, Rivolier et al. 1988, Naidu & Sachdeva 1993). 

Overwintering personnel are often confronted with increased amounts of outdoor 

exposure associated with field research. In Antarctica, the outdoor temperature 

can be very low (up to -70°C) in the winter. The results of various studies of 

thermal responses and acclimatisation have been contradictory. The wide variety 

of length and severity of exposures, individual characteristics, physical activity as 

well as clothing have entailed variation in the observed acclimatisation patterns. 

Antarctic expeditioners have been found to experience hypothermic cold 

acclimatisation (Savourey et al. 1996), manifested by lowered Trect (Reed et al. 
1990a) and increased energy requirements (Reed et al. 1988, Case et al. 2006). A 

29-wk residence and consequent NA infusion demonstrated a lesser rise in BP, 

enhanced vasoconstriction and calorigenic response (Budd & Warhaft 1966a). On 

the other hand, Budd & Warhaft (1966b) reported of four men working in 
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Antarctica for 24 wk showing an improved ability to maintain their Trect, but 

unchanged shivering, skin temperature and BP responses during cold exposure (2 

h, 10°C). On the other hand, after a year in Antarctica, thin men were found to 

develop thermal responses resembling those of men with more subcutaneous fat 

(weight gain, reduced metabolic response, decreased skin temperature, increased 

Trect) (Wyndham & Loots 1969). After a 53-d Antarctic expedition, delayed onset 

of shivering as well as local acclimatisation in terms of higher finger temperatures 

and decreased vascular resistance were observed in response to a whole-body 

cooling test (Rintamäki et al. 1993). Furthermore, reduced sympathetic activity 

and stress hormone responses have been observed (Farrace et al. 1999, 2003, 

Harinath et al. 2005) indicating habituation. Naidu & Sachdeva (1993) detected 

increased finger blood flow, but also pronounced vasoconstriction during cooling 

in 64 tropical men after an 8-wk stay in Antarctica. Similarly, Australian research 

expedition personnel showed enhanced vasoconstriction in fingers after a 1-yr 

Antarctic residence (AR) (Elkington 1968). On the other hand, Bridgman (1991) 

found no peripheral acclimatisation in scuba divers working in Antarctica. 

In studies of cold acclimatisation responses during ski expeditions/journeys, 

environmental conditions have varied substantially. A 63-d ski journey to the 

North Pole resulted in hypothermic-hypometabolic acclimatisation (lowered Trect 

and M, increased local skin temperatures) (Bittel et al. 1989). A 3-wk ski journey 

across Greenland resulted in hypothermic, insulative and isometabolic 

acclimatisation reflected by lowered Trect and mean skin temperature (Tsk) with 

unaltered M (Savourey et al. 1992). At the same time, local acclimatisation was 

observed reflected by increased foot temperatures. On the other hand, Livingstone 

(1976) did not report any peripheral acclimatisation among military personnel 

after a 2-wk stay in the Arctic (from -10 to -40°C). Furthermore, a depressed, 

rather than enhanced, cold-induced vasodilatation response was observed after a 

2-wk journey (Livingstone et al. 1996). 

2.3 Hormone secretion in the cold 

The circulating cortisol and adrenocorticotropic hormone (corticotropin) levels 

remain unchanged in response to cold (Golstein-Golaire et al. 1970, Galbo et al. 
1979, Gerra et al. 1992) unless the exposure is experienced as stressful (Wilson et al. 
1970, Wilkerson et al. 1974, Leppäluoto et al. 1982, Wagner et al. 1987, Tikuisis 

et al. 1999). In an acute cold exposure, the increased cortisol secretion may have a 

positive effect by increasing the blood glucose and FFA levels as well as vascular 
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tone. However, also decreased circulating cortisol levels have been reported 

(Leppäluoto et al. 1988, Wittert et al. 1992). Winter season increases (Reinberg et 
al. 1978, Van Cauter et al. 1981, Reed et al. 1986, Leppäluoto et al. 1998, 

Harinath et al. 2005) or has no effect on circulating cortisol level (Koono 1980, 

Takagi 1986, Maes et al. 1997). In addition, the acrophase (i.e., the time of the 

peak of a rhythm) was found to be in March in subjects from central Europe 

(Reinberg et al. 1978, Touitou et al. 1983). The cold exposure has to be severe 

enough to increase plasma corticotropin level (> 30 min, 4ºC) (Ohno et al. 1987, 

Gerra et al. 1992, Wittert et al. 1992). In subjects from central Europe, plasma 

corticotropin had no circannual rhythm (Van Cauter et al. 1981). 

Increased plasma adrenaline (A) level in response to cold exposure (Wagner 

et al. 1987) or core cooling (Frank et al. 2003), as well as unchanged levels of 

circulating A in response to cold exposure (Wilson et al. 1970, O’Malley et al. 
1984, Scriven et al. 1984, Young et al. 1986, Leppäluoto et al. 1988, Thomas et al. 
1990) or core cooling (Weeke & Gundersen 1983) have been reported. The cold 

exposure has to be severe (> 3 h, -5ºC) or combined with a stressful task (Thomas 

et al. 1990) to increase plasma A. On the other hand, rapidly increased NA 

secretion in response to non-hypothermic cold air exposures has been reported in 

a wide variety of studies (4–10ºC, 5 min-2 h) (Wilkerson et al. 1974, O’Malley et 
al. 1984, Scriven et al. 1984, Young et al. 1986, Leppäluoto et al. 1988, Thomas 

et al. 1990, Marino et al. 1998, Ricci et al. 2000, Koska et al. 2002). Core cooling 

in a thermoneutral environment has been found to raise circulating NA levels 

(Weeke & Gundersen 1983, Frank et al. 2003). Simultaneous increases in plasma 

NA and dopamine levels were found in experiments of non-hypothermic cold 

exposure by Leppäluoto (1989), indicating that during acute cold exposure, the 

increased NA originates from the sympathetic nerve endings. The rapidly 

increased NA level in response to cold is vital for the heat balance of the body, 

causing vasoconstriction and leading to lower skin temperatures and thus 

decreased heat loss. Furthermore, NA increases the release of fatty acids from 

adipose tissue to be used as energy substrates. Detailed aspects of the role of 

catecholamines in cold exposures are presented in the review of Leppäluoto et al. 
(2005). 

The need for increased metabolism, especially shivering, in response to cold 

exposure consequently enhances the need for FFAs and glucose. Cold exposure 

inhibits (Galbo et al. 1979, Seitz et al. 1981) or has no effect on insulin secretion 

(Koska et al. 2002). During an Arctic expedition, decreased plasma insulin level 

has been reported (Campbell et al. 1975). The decreased insulin secretion may 
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indicate increased sympathetic nervous activity. In addition, increased sensitivity 

of tissues to insulin compensating for the decreased insulin secretion has been 

reported (Vallerand et al. 1988). Plasma glucagon level increases during cold 

exposure, but its role in the cold-induced metabolism is still unclear (Seitz et al. 
1981, Cannon & Nedergaard 2004). 

Leptin, secreted by adipose tissue, inhibits feeding behaviour and stimulates 

metabolism as well as heat production. Both acute (Ricci et al. 2000, Zeyl et al. 
2004) and prolonged cold exposure (AR) (Vats et al. 2005) have been found to 

decrease plasma leptin levels. 

Table 1 shows how an acute whole-body cold exposure or cold season affects 

the levels of some hormones. The original references are cited in Study I. 

Table 1. The cold-induced effects on some hormones (modified from Study I). 

Hormone Acute cold exposure Winter 

Adrenal cortex 

Aldosterone Unchanged Increased 

Cortisol Decreased/increased/unchanged Increased/unchanged 

Adrenal medulla and nerve endings 

Adrenaline Increased/unchanged Unchanged 

Noradrenaline Increased Increased in hypertension 

Pituitary gland 

Corticotropin Increased/unchanged Unchanged 

Antidiuretic hormone Decreased  

Beta-endorphin Decreased  

Follicle-stimulating hormone Decreased/unchanged Increased 

Growth hormone Decreased/unchanged Unchanged 

Luteinising hormone Decreased/unchanged Increased 

Prolactin Decreased Increased/unchanged 

Gonads 

Estradiol Decreased/unchanged Decreased 

Testosterone Decreased/unchanged Increased/unchanged 

Pancreas 

Glucagon Increased  

Insulin Decreased/unchanged Decreased 

Adipose tissue 

Leptin Decreased Decreased 
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2.4 Thyroid hormone and thyrotropin secretion in the cold and 
darkness 

The activation of thyroid hormone secretion in response to cold exposures has 

been demonstrated in animal studies (Thompson 1977). The stimulation of the 

thyroid gland is mediated via neuroendocrine reflexes from the hypothalamus, 

which increases thyrotropin-releasing hormone (thyroliberin) secretion activating 

TSH and consequent thyroid hormone release. Thyroid hormones exert their main 

effects on obligatory thermogenesis and resting M and appear to stimulate almost 

all reactions in the intermediary metabolism by promoting the expression of 

UCPs leading to heat production (Silva 1993). Due to this ability to maintain and 

regulate heat production, their role in cold adaptation is significant (Reed 2005). 

The cold-induced effects on adult thyroid function are partly inconsistent. 

The magnitude, type and duration of the cold exposure as well as season and 

living environment each seem to affect the response. In laboratory studies, thyroid 

hormone secretion has been found to increase or remain unchanged. In some 

studies, an acute cold exposure (4°C, 30–120 min) increased circulating 

triiodothyronine (T3), thyroxine (T4) and TSH levels in lightly clad subjects 

(Golstein-Golaire et al. 1970, O’Malley et al. 1984). However, in some other 

studies, exposing lightly clad subjects to cold (2–10°C, 30 min-several hours) 

(Hershman et al. 1970, Fisher & Odell 1971, Leppäluoto et al. 1988) or core 

cooling in a thermoneutral environment (Weeke & Gundersen 1983) had no effect 

on circulating thyroid hormone or TSH levels. Eastman et al. (1973) found 

increased serum T3 and T4 levels after a 4-d exposure to 6°C. 

By studying seasonal changes in thyroid hormone secretion, Nagata et al. 
(1976) found higher serum T3 levels in winter than in summer in subjects living in 

a mountain district in non-heated houses. In Arctic and Antarctic residents, 

circannual alteration of thyroid hormones has been observed (Hassi et al. 2001, 

Levine et al. 1995, Reed et al. 2001). In Finnish outdoor workers, serum TSH had 

its annual acrophase in December and free T3 a trough in February (Hassi et al. 
2001). In Antarctic expeditioners, serum TSH level had its circannual peaks in 

November and July and a trough in March (Reed et al. 2001). 

Humans living and working in circumpolar regions experience alteration of 

hypothalamic-pituitary-thyroid function referred to as the polar T3 syndrome 

(Reed et al. 1988, Harford et al. 1993, Sawhney et al. 1995, Van Do et al. 1996) 

characterised by elevated levels of both thyroliberin-stimulated (Reed et al. 1988) 

and basal TSH (Harford et al. 1993, Reed 2005). Furthermore, the pituitary 
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resistance to thyroid hormones is absent (Reed et al. 1988). The polar T3 

syndrome is manifested by a slight decline in free fractions of T3 and T4, a 

doubling in T3 distribution volume and plasma appearance and clearance rate, as 

well as a small decrease in T4 distribution volume (Reed et al. 1990a, b, Reed 

2005). 

In an Antarctic expedition, T3 metabolism increased in winter, manifested as 

decreased total (-9%) and free T3 (-18%) levels accompanied by a 50% increase 

in integrated TSH response to thyroliberin administration (Reed et al. 1986, 

1990a). This result is supported by the study of Fernández-Riestra et al. (2006), 

who reported an increased TSH level in response to an Antarctic sailing journey. 

Thus, it appears that more abundant amounts of thyroid hormones, especially T3, 

are available for tissues after cold exposure. Increased elimination and tissue 

binding may explain the decreased free fractions of thyroid hormones (Reed et al. 
1990b). 

In addition, darkness seems to affect TSH secretion in winter. In Finnish 

outdoor workers, ambient light was found to correlate significantly with TSH, so 

that the highest serum TSH level occurred during the darkest month (December) 

(Hassi et al. 2001). This study did not detect any correlation between ambient 

outdoor temperature and TSH. 

2.5 Melatonin secretion in the cold and darkness 

MT is mainly regulated by environmental luminosity (Reiter & Leppäluoto 1997), 

so that light intensity suppresses MT secretion (Lewy et al. 1980, Bojkowski et al. 
1987, Brainard et al. 1988, Hashimoto et al. 1996). Wavelength of 505 nm has 

been found to suppress MT secretion more efficiently than 555 nm (Brainard et al. 
2001). 

In Arctic residents, MT secretion is significantly higher in winter compared to 

summer (Leppäluoto et al. 2003). Less exposure to ambient light in winter 

(Higuchi et al. 2007) or an acute adaptation to dim lighting conditions (Jasser et 
al. 2006) have been found to increase the sensitivity of MT to light suppression. 

On the other hand, changes in the circadian rhythm have been reported at the end 

of the annual dark period in a subarctic region, when there is a rapid increase in 

the number of hours of sunlight (Bratlid & Wahlund 2003). These changes might 

be associated with sleep disturbances and morning tiredness. 

The association between MT secretion and whole-body cold air exposure is 

poorly known. In a study of the influence of different light intensities in the 
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evening on dressing behaviour in cold, Kim & Tokura (2007) reported bright 

light-induced enhanced protection by clothing against cold. This was due to lower 

urinary MT excretion, suggesting a higher set-point of core temperature in bright 

compared to dim light (Tokura & Kim 2005). This is consistent with a study by 

Kräuchi et al. (2006), who found MT to act as a circadian modulator of 

thermoregulatory set-point. Furthermore, the wavelength of lighting affects the 

quality of sleep by modulating MT secretion. In a study of Antarctic Base 

personnel, sleep efficiency was higher during blue enriched light (5,300 K) 

compared to standard white light (10,000 K) (Francis et al. 2008). 

The MT rhythm is the main transducer of photoperiod information for the 

timing of many diurnal and seasonal physiologic rhythms (e.g., energetic arousal, 

mood, cognition) (Thayer 1989, Wirz-Justice et al. 1993). Furthermore, the time 

of day and MT may affect memory-related activation in the hippocampal areas in 

a differential manner (Gorfine & Zisapel 2007), implicating the role of circadian 

clock and MT in human memory processing during the night. 

2.6 Mood in the cold and darkness 

Mood is a relatively long-lasting emotional state, which is less specific, less 

intense and less likely to be triggered by a certain stimulus or event (Thayer 1989). 

Several studies have reported increased depressive symptoms in winter, even in 

clinically normal individuals (Kasper et al. 1989, Schlager et al. 1993, Palinkas et 
al. 1995). Rosenthal et al. (1984) named the increased prevalence of depressive 

symptoms or negative mood states in winter seasonal affective disorder (SAD). 

The lack of light triggers SAD and increases the occurrence of subclinical 

depressive symptoms (subsyndromal SAD, S-SAD) in winter. Mersch et al. (1999) 

reported winter SAD and S-SAD prevalences of 1–10% and 2–19% in North 

America and Europe. 

The seasonal changes in mood are associated with the circannual variation in 

the light-dark cycle which is more pronounced with increasing latitude. With 

some exceptions (Magnússon & Axelsson 1993, Axelsson et al. 2002), the 

prevalence of SAD increases with latitude (Potkin et al. 1986, Kasper et al. 1989, 

Rosen et al. 1990, Hansen et al. 1998). SAD has been effectively treated with 

administration of light therapy (Rosenthal et al. 1985). 

During the winter months, increased depressive symptoms and impaired 

cognition in clinically normal individuals have been reported also during polar 

expeditions and in personnel of Antarctic research stations (Palmai 1963, Strange 
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& Youngman 1971, Palinkas et al. 1995, Palinkas & Houseal 2000). Referred to 

as the “winter-over syndrome” (Strange & Youngman 1971), these symptoms 

exhibited some similarities to S-SAD (Palinkas et al. 1996). 

However, the exact mechanism by which light may affect mood and 

cognition remains to be elucidated. The MT rhythm is the main transducer of 

photoperiod information for the timing of the rhythms of energetic arousal, mood 

and cognition (Thayer 1989, Wirz-Justice et al. 1993). On the other hand, 

alterations in thyroid function were also associated with increased depressive 

symptoms (Forman-Hoffman & Philibert 2006), anger, irritability, sleep disorders 

and disruption of cognition in tasks involving short-term or working memory 

(Palinkas et al. 1995, 2001, Reed et al. 2001) as well as with increased rates of 

seasonal and other psychiatric disorders among circumpolar residents (Coiro et al. 
1994, Sher et al. 1999). 

The decreased free T3 and T4 levels combined with increased TSH level can 

lead to a state of subclinical cerebral and pituitary hypothyroidism correlating 

with cognitive and mood symptoms (Palinkas et al. 2001, Reed et al. 2001, Xu et 
al. 2003). Hypothyroidism induced cognitive deficits, mood alterations (Jackson 

1998, Bunevičius et al. 1999) and changes in visual evoked potentials (Tamburini 

et al. 1998, Jensovsky et al. 2002). Furthermore, even subclinical hypothyroidism 

(SCH) affected cognition and mood, although serum TSH is only minimally 

elevated and the peripheral products normal (Monzani et al. 1993, Jackson 1998). 

Furthermore, T4 supplementation improved mood and cognition in 

individuals with SCH (Monzani et al. 1993, Jensovsky et al. 2002, Bono et al. 
2004), while a combined T4 and T3 supplementation improved memory and mood 

(Bunevičius et al. 1999). In addition, increased TSH level during the austral 

winter (February-August) preceded a worsening profile of mood states scores in 

depression, tension, anger, lack of vigour and total mood disturbance (TMD) 

(Palinkas et al. 2001, Reed et al. 2001). T4 supplementation decreased self-

reported measures of fatigue and confusion significantly. 

2.7 Cognition in the cold and darkness 

Orientation, safety, decision-making, work productivity and reacting in 

emergency situations are vitally dependent of mental performance. Cognition 

consists of basic learning (learning to read, write and calculate, acquiring skills) 

and applying knowledge (focused attention, reading, writing, problem solving, 

decision-making). 
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Cognition is more impaired by exposure to cold as compared to hot 

conditions. Pilcher et al. (2002) reported an impairment of 14% in performance in 

a wet bulb globe temperature index of 10°C or less. Cold exposure may impair 

concentration, memory (recognition, recall), reasoning, vigilance and general 

intelligence (Palinkas 2001, Hoffman 2002) through an increased amount of 

errors and longer response times (RTs) depending on task complexity as well as 

the type and duration of the cold exposure. 

In severe whole-body cooling, cognition is impaired: the reduction of 2–4°C 

in core temperature has been shown to affect memory and concentration 

(Coleshaw et al. 1983, Giesbrecht et al. 1993, Lockhart et al. 2005). The effects 

of a moderate, non-hypothermic cold exposure on cognition are inconsistent 

showing impaired, unaltered or even improved cognition (Palinkas 2001), 

probably due to differences in study design (subject characteristics, type and 

duration of cold exposure, season, task complexity). Ellis et al. (1985) and 

Giesbrecht et al. (1993) reported more adverse cold-induced effects in complex 

tasks compared to simple tasks. On the other hand, during a 9-d cold weather 

operation with normal core temperature and hydration levels, no serious 

impairments in cognition were observed (Marrao et al. 2005). Rapid cooling may 

impair performance more than slow cooling (Ellis et al. 1985). 

Two theories of cold-induced effects on cognition have been proposed. 

According to the distraction theory, the cold-induced discomfort consumes central 

attention resources, causing a momentary switch of attention from the primary 

task that impairs performance (Teichner 1958). Some studies have provided 

support for this (Bowen 1968, Davis et al. 1975, Vaughan 1977). According to the 

arousal theory, mild or moderate cold exposure increases general arousal level 

improving performance. However, with continued, prolonged or more severe 

cooling, arousal may increase to a level that impairs performance (Provins et al. 
1973, Ellis 1982, Ellis et al. 1985, Enander 1987, Van Orden et al. 1990). Van 

Orden et al. (1990) reported of shorter evoked potential latencies in the cold, 

suggesting faster CNS processing. Provins et al. (1973) found the highest arousal 

level (EEG activity) when the subject was feeling the most discomfort and 

shivering. On the other hand, EEG activity has been reported not to change until 

moderate core hypothermia (33.5°C) (FitzGibbon et al. 1984). The cold-induced 

effects on cognition are depicted in Fig. 1. 

The seasonal variation in cognition is the subject of debate. Only a few 

studies have focused on the association of SAD with cognition (O’Brien et al. 
1993, Drake et al. 1996, Michalon et al. 1997). In some of these, SAD was 
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associated with impaired cognition (O’Brien et al. 1993, Michalon et al. 1997). In 

general, mood states affect information processing (Weingartner et al. 1981, 

Thayer 1989, Hartlage et al. 1993). Depression impairs or disrupts encoding 

processes, leading to incomplete learning and impaired memory (Weingartner et 
al. 1981). 

Season could affect cognition through endocrinological changes. Cold 

exposure and cold season affect the hypothalamic-pituitary-thyroid axis (Study I, 

Leppäluoto et al. 2005). The lower free thyroid hormone levels lead to SCH and 

subsequently to increased anxiousness and depression (Xu et al. 2003) as well as 

impaired cognition. In some individuals, memory may be affected even when 

TSH level is in the upper half of the normal range (Baldini et al. 1997, Kraus et al. 
1997). Anxiousness in hypothyroidism is related to attentional and executive 

disturbances (Constant et al. 2005). Furthermore, Shurtleff et al. (1994) and Reed 

et al. (2001) demonstrated that administration of tyrosine or T4 significantly 

improved matching accuracy in the cold. 

The effects of cold adaptation on cognition are poorly known. Only few 

studies have repeated the cognitive tests in their study protocols (e.g., Thomas et 
al. 1989), but with no specific emphasis on the cold adaptation-induced effects on 

cognition. Acclimatisation-induced reduction in stress and discomfort may have 

positive effects on cognition through reduced distraction. 

The effect of darkness on cognition is poorly understood. However, in a study 

by Czeisler et al. (1990), exposure to bright light improved cognition in shift-

workers during the night-shift hours. 
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Fig. 1. A schematic diagram of cold-induced effects on performance in simple and 

complex cognitive tasks. + = improved, - = impaired, 0 = no effect. 

2.8 Gaps in the knowledge 

The previous research has focused on the separate acclimatisational changes in 

hormone levels, mood and cognition induced by exposure to cold environmental 

conditions while almost entirely neglegting the possible functional significance of 

acclimatisation for psychological performance. Therefore, the seasonal variation 

in cognition is poorly known. According to one hypothesis, these changes might 

be induced by changes in temperature and luminosity between winter and summer. 

Another hypothesis suggests that the increased prevalence of negative mood 

states during winter, together with changes in thermal responses and hormone 

levels, could impair cognition in winter. 

Sustained concentration and attention are required in performing cognitive 

tasks. The effects of a non-hypothermic cold exposure on cognition have been 

ambiguous suggesting either impaired or improved performance. Therefore, it is 
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important to examine cognition during moderate cooling, the type of cold 

exposure that is likely to occur in everyday life. The present study focuses 

especially on cold-induced effects on simple and complex tasks as well as 

performance strategy (speed, accuracy, efficiency) during moderate cold exposure. 

The mechanism by which light may affect mood and cognition needs to be 

studied further. Light suppresses MT secretion, which is the main transducer of 

photoperiod information for the timing of the rhythms of energetic arousal, mood 

and cognition. It is of interest that bright light therapy improves some symptoms 

related to SAD (Rosenthal et al. 1985). However, in previous studies, the 

association of MT levels and thyroid function with mood and cognition has not 

been examined simultaneously. Therefore, the present study focuses on the 

associations of MT, thyroid hormones and TSH with mood and cognition. 

In the previous laboratory studies, the number of subjects has been relatively 

low due to laborious measurement protocols. Therefore, including a field study 

with a large number of subjects is arguable to minimise the effects of different 

individual responses. The seasonal variation in thyroid hormones may contribute 

to the increased level of depressed mood, impaired cognition and increased rates 

of psychiatric disorders (polar T3 syndrome) during winter. However, the 

underlying mechanisms for these seasonal changes are poorly known. The present 

study focuses on determining whether psychological measures (mood, cognition) 

are affected mainly by demographic, anthropometric, physiological or 

biochemical measures during a prolonged cold exposure in Antarctica. 

In addition, the feasibility of using urinary MT in studies of human pineal 

physiology was examined. The precise measuring of MT secretion is laborious, 

because it is mainly secreted during the night. Hence, in previous studies, the 

number of MT measurements from blood samples has been insufficient. 

Therefore, developing an assay for MT in urine greatly increases the number of 

cases amenable to study. In many earlier studies, the 6-sulphatoxymelatonin 

(aMT6s) excretion has been used as an index of MT secretion. However, the 

production of the metabolite and total metabolism might be affected by unknown 

changes contorting the measurement results. The present study focuses on 

comparing the urinary MT and aMT6s as indexes of pineal MT secretion in three 

experimental conditions. 
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3 Aims of this study 

The aim of this study was to find out how laboratory and outdoor exposure to 

cold and darkness affect MT and thyroid hormone secretion and how the serum 

levels of these hormones are associated with mood and cognition in healthy 

subjects. The specific aims were as follows: 

1. To find out how moderate, non-hypothermic exposure to cold and darkness 

affects performance in simple and complex cognitive tasks and whether these 

effects vary by season. 

2. To find out if the changes in mood as well as simple and complex cognitive 

tasks caused by exposure to moderate, non-hypothermic cold and darkness 

are associated with the levels of serum MT, TSH and thyroid hormones. 

3. To find out if the changes in mood and in simple and complex cognitive tasks 

observed during a prolonged cold exposure in Antarctica are associated with 

demographic, anthropometric, physiological or biochemical measures. 

4. To find out how cold acclimatisation affects MT and thyroid hormone 

secretion, mood and performance in simple and complex cognitive tasks. 

5. To define the feasibility of urinary MT in describing pineal MT secretion by 

developing and validating an assay for urinary MT. 



 38



 39

4 Materials and methods 

The materials and methods described here summarise the experimental 

procedures used in the present study. Detailed information is given in the original 

papers. 

4.1 Climatic conditions in Finland during experimental study 

Finland’s location between 60 and 70°N gives the country’s climate its 

characteristic large seasonal variations in temperature and luminosity. The day 

length varies from less than 1 (north) to 5 h (south) in the winter and from 19 

(south) to 24 h (north) in the summer. The average monthly temperatures vary 

from -6 (south) to -15°C (north) in the winter and from 13 (north) to 17°C (south) 

in the summer. (Finnish Meteorological Institute, Climate services). 

In 2001, while collecting data for Studies II, III and V, the average monthly 

temperatures in Oulu (65°N) ranged from -4 to -12°C (winter measurements, 

January-March) and from 11 to 14°C (summer measurements, August-September). 

The day length was 6.1–9.1 h (winter) and 10.6–16.7 h (summer). 

4.2 Climatic conditions in Antarctica during field study 

Antarctica is the southernmost continent with a cold climate and characteristic 

weather with extremely low temperatures, several months of complete darkness, 

fierce winds and blowing snow. In 2002–2004, while collecting data for Study IV, 

the average monthly temperatures ranged from -26 (August) to -3°C (January) at 

McMurdo Station (79°S) and from -60 (August) to -28°C (December) at 

Amundsen-Scott South Pole Station (90°S). During the austral winter (March-

August), the day length was 0–14 h at McMurdo and 0–16 h at South Pole. 

During the austral summer (November-February), the day length was 23–24 h at 

McMurdo and 24 h at South Pole (Palinkas et al. 2007). 
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4.3 Subjects 

4.3.1 Experimental study (II, III, V) 

The experimental protocol was approved in advance by the ethics committee of 

the University of Oulu and Northern Ostrobothnia Hospital District. The 

experiments were conducted in accordance with the Declaration of Helsinki. Each 

subject provided a written informed consent before participating. 

Fifteen healthy, young, urban men volunteered in the laboratory study. Seven 

of them participated in the winter and eight in the summer. The subjects were 

students and non-smokers. They were recruited by announcements. 

All subjects underwent a medical examination and a psychological screening 

to exclude subjects with SAD or any other mental disorders. The subjects were 

informed of the nature, purpose and possible risks/inconvenience associated with 

the experimental procedure before the experiments. For determining body fat 

percentage, skin fold thickness was measured from biceps, triceps, subscapularis 

and suprailiaca (Durnin & Rahaman 1967). The anthropometry of the subjects 

participating in the laboratory study is described in Table 2. 

Table 2. Physical characteristics of the subjects participating in the experimental 

study. Values are represented as means ± SD. 

Studies II, III, V Age (yr) Height (cm) Weight (kg) BMI Body fat % 

Winter (n = 7) 24.3 ± 0.7 178.9 ± 1.3 69.6 ± 1.9 21.8 ± 0.8 16.7 ± 1.0 

Summer (n = 8) 24.3 ± 0.4 180.6 ± 1.6 76.8 ± 3.0 23.5 ± 0.7 19.0 ± 0.9 

BMI = body mass index (kg/m2) 

4.3.2 Field study in Antarctica (IV) 

The experimental protocol was approved in advance by the University of 

California, San Diego Institutional Review Board. Each subject gave a written 

informed consent before participating. 

One hundred and thirty-three (83 men, 50 women) healthy, euthyroid subjects 

participated in this study over a two-year period, 65 in year 1 (2002–2003) and 68 

in year 2 (2003–2004). Ninety-nine (67 men, 32 women) subjects participated in 

the austral summer and 85 (54 men, 31 women) participated in the winter, with 52 

(39 men, 13 women) subjects participating in both summer and winter. The 

comparison of subjects by station is described in Table 3. 
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Table 3. Subject demographics by station in the field study in Antarctica. 

Parameter McMurdo South Pole Total 

Summer n = 55 n = 44 n = 99 

% female 41 23 33 

Age (yr) 35.2 ± 1.4 38.9 ± 1.5 36.9 ± 1.0 

% 2002–2003 season 46 46 46 

% 2003–2004 season 54 54 54 

Winter n = 48 n = 37 n = 85 

% female 50 19** 37 

Age (yr) 36.5 ± 1.4 39.8 ± 1.5 * 37.9 ± 1.0 

% 2002–2003 season 60 38 51 

% 2003–2004 season 40 62* 49 

* p < 0.05, ** p < 0.01 

All subjects underwent a standardised medical examination and a psychological 

screening to exclude subjects with a history of thyroid or depressive disease. The 

subjects were informed of the nature, purpose and possible risks/inconvenience 

associated with the experimental procedure before the experiments. Available diet 

contained at least 1,182 nmol/d (150 μg) iodine (Harford et al. 1993) and no 

chronic medications were taken. In year 1, austral summer baseline measures 

were obtained in November, 2002, and winter baseline measures in March-April, 

2003. In year 2, summer baseline measures were obtained in November, 2003, 

and winter baseline measures in February-March, 2004. In year 1, participants 

were followed for an average of 91 ± 3.2 d in summer and 138 ± 3.2 d in winter. 

In year 2, participants were followed for an average of 93 ± 2.3 and 150 ± 2.0 d. 
During outdoor activity, each subject wore standard polar cold-weather 

clothing (underwear, shirt, pants, wind pants, full-length down jacket, balaclava, 

gloves, insulated boots), with face exposed. During the austral summer, the 

minimum outside exposure at both stations was approximately 0.5 h/d (Reed et al. 
1988, 1990a), indoor fluorescent lighting of normal intensity was used, and all 

subjects maintained routine 8 h/d sleep cycles. During the winter, the minimum 

outdoor exposure at McMurdo was 0.5 h/d, while it was reduced to 0.25 h/d at 

South Pole. Indoor living compartment temperature in both summer and winter at 

both stations was 18–25°C (D’Alesandro et al. 1991). 
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4.4 Study designs 

4.4.1 Experimental study (II, III, V) 

To examine the seasonal effects on hormones, mood and cognition, seven subjects 

were measured in the laboratory in the winter and eight in the summer. The initial 

purpose was to compare the same individuals in both seasons. However, only 

three subjects were able to participate in the measurements in both seasons. 

Hence, additional subjects were recruited for the summer measurements. 

The preparation of the subjects started at 12:00 and the measurements began 

at 14:00. During the experiment, the subjects were lightly clad in a Finnish 

military underwear ensemble (short- and long-legged underpants, t-shirt, long-

sleeved undershirt, socks, athletic shoes) with clothing insulation value 

approximately 0.7 clo (ISO 9920). 

The subjects entered the climatic chamber (26 m2), where the temperature 

was 22.0 ± 0.3°C (mean ± SD) or 10.0 ± 0.3°C. The relative humidity was 50 ± 3% 

and the air velocity < 0.2 m/s. The level of light was 450 (standard office room) 

or 0.5–1 lx (deep twilight). The lights were turned off between 23:00 and 07:00. 

The duration of each exposure was 24 h. The order of the exposures was 

randomised and the time between each exposure was at least one week. All 

measuring equipment was located inside the climatic chamber. 

During the 24-h exposure, the subjects were provided with lunch (two times), 

dinner and breakfast (total energy content ca. 2,700 kcal). The same meals were 

provided to all participants. The subjects were allowed to drink ad libitum. 

Caffeine was prohibited during the exposure. The subjects left the climatic 

chamber only when going to the toilet. When not performing any tests, the 

subjects were resting. The subjects slept in sleeping bags between 23:00 and 

07:00 when not providing blood or urine samples. 

4.4.2 Field study in Antarctica (IV) 

Data were collected between 08:00 and 12:00 for most (88%) subjects or between 

14:00 and 17:00 (12%) to accommodate shift-work schedules in the following 

order: physiological measurements, blood draw and cognitive/mood assessments. 

Following baseline measurements in austral summer and/or winter, the subjects in 

year 1 were randomly assigned to one of three groups: tyrosine, thyroid 

supplement and placebo. The placebo group was further randomised into tyrosine 



 43

placebo and thyroid supplement placebo groups. An additional eight subjects 

served as a control group in the winter. The tyrosine group consumed 12 g of 

tyrosine, mixed with 113 g of applesauce daily. The tyrosine placebo group 

consumed 12 g of cellulose, mixed with applesauce. The thyroid supplement 

group consumed a capsule containing 64 nmol (50 μg) of levothyroxine (LT4) and 

16 nmol (12.5 μg) of T3 (Levoxyl®; Daniels Pharmaceuticals, Inc., St. Petersburg, 

FL, USA). The thyroid supplement placebo group consumed a capsule containing 

gelatin. Summer participants were given 90 pills or 1.1 kg of powder and 90 

applesauce containers. Winter participants were given 150 pills or 1.8 kg of 

powder and 150 applesauce containers. At the time of follow-up testing, the 

subjects were instructed to return any remaining pills or powder. 

In year 2, subjects were randomly assigned into one of four groups: 1) thyroid 

supplement and 2-wk treatment at the end of the season with high intensity (10 

000 lx) white light, 2) thyroid supplement and dim (50 lx) red light, 3) thyroid 

supplement placebo and white light and 4) thyroid supplement placebo and red 

light. Individuals who participated in both seasons were given no medication or 

placebo during a 30-d “washout period” prior to winter. 

4.5 Measurements 

In Studies II, III and V, the subjects were equipped with thermal probes for Tsk 

and Trect measurements. Venous blood samples were obtained into unheparinised 

glass tubes at 14:00, 20:00, 22:00, 24:00, 02:00, 04:00, 06:00, 08:00 and 14:00. In 

dim lighting conditions, a flashlight was used to avoid the suppression of MT 

secretion. Within 1.5 to 2 h, the samples were centrifuged to harvest the serum. 

The sera were stored in -20°C until analysis. Urine was collected at 14:00, 16:00, 

18:00, 20:00, 22:00, 02:00, 07:00, 09:00, 11:00 and 14:00. Urine volumes were 

measured and aliquots were stored at -20°C. 

In Study IV, blood was collected at baseline and post-season in both austral 

summer and winter. Sampling was completed between 05:30 and 11:00 following 

a 12-h fast. To control for diurnal variation in hormonal profiles, blood samples 

obtained at post-season were obtained ± 1 h of the same time as the baseline 

assessment. Venous blood samples were obtained into glass tubes. The samples 

were centrifuged to harvest the plasma/serum for storage at -70°C. From 

Antarctica, all summer baseline samples were transported in December, 2002, at -

70°C to San Diego, CA, USA. The samples were co-assayed in duplicate using a 
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batch method for subject and assay. End of summer and winter samples were 

stored at -70°C before transportation from Antarctica to San Diego. 

4.5.1 Anthropometry (IV) 

Height was measured at baseline. Weight and percent body fat were measured 

using a Healthometer Digital Battery Body Fat Monitor and Weight Scale (Model 

BFM950; Sunbeam Products, Inc., Purvis, MS, USA). Body fat was measured by 

electrical impedance based on age and sex norms. Waist circumference was 

measured with a measuring tape. 

4.5.2 Temperatures (II-IV) 

In Studies II and III, skin temperatures were measured using YSI thermistors 

(YSI409b and YSI427, Yellow Springs Instrument Co., Yellow Springs, OH, USA) 

from ten sites (forehead, upper back, chest, abdomen, upper arm, lower arm, back 

of the hand, anterior thigh, calf, dorsal side of the foot). Tsk was calculated as an 

area-weighted average of the different sites (Hardy & DuBois 1938). Trect was 

measured 10 cm beyond the anal sphincter with an YSI401 probe (Yellow Springs 

Instrument Co.). The thermistors were calibrated in a water bath prior to use. 

Temperature values were recorded at 1-min intervals with a data logger (Squirrel 

1200, Grant Instruments Ltd., Cambridge, UK). In the Antarctic field study (IV), 

tympanic temperature was measured three times at 10-min intervals using a Braun 

Thermoscan (Model 6012; Braun GmbH, Kronberg, Germany) and the average of 

the three measures was then taken. 

4.5.3 Blood pressure and heart rate (IV) 

BP and heart rate (HR) were each measured three times at 10-min intervals while 

the subject was sitting and the average of the three measures was then taken. BP 

was measured using a standard sphygmomanometer and HR was assessed by 

counting the number of beats detected in the wrist over a 15-s period and 

multiplying by four to obtain beats per minute. 
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4.5.4 Thermal sensations (II) 

Thermal perception for the whole body, trunk, hands and feet was assessed using 

subjective judgement scales (ISO 10551) ranging from 4 (extremely hot) to -4 

(extremely cold). Thermal sensations were recorded at 1-h intervals except 

between 23:00 and 07:00. 

4.5.5 Serum melatonin (III, V) 

Serum MT secretion and urinary excretion rates were followed by assaying MT 

concentrations with 2-125I-MT radioimmunoassay (RIA) method (Vakkuri et al. 
1984) with an inter-assay coefficient of variation (CV) of 3%. The sensitivity of 

the RIA was 5–10 fmol/tube. 

4.5.6 Urinary 6-sulphatoxymelatonin (V) 

Urinary aMt6s concentrations were assayed using a commercially available RIA 

kit (Stockgrand Ltd., Guildford, UK). The urine samples were diluted 100- to 

200-fold for the assay. Details of the RIA are reported in Arendt et al. (1985). 

4.5.7 Serum thyroid hormones, thyrotropin and cortisol (III, IV) 

In Study III, serum TSH level was analysed by fluoroimmunoassay (Wallac Ltd., 

Turku, Finland) at 14:00, 20:00, 22:00, 24:00, 02:00, 04:00, 06:00, 08:00 and 

14:00, and serum free T3 and T4 by an automated chemiluminescence system 

(Advia Centaur, Bayer Corporation, New York, NY, USA) at 14:00 and at 14:00 

the next day. The intra- and inter-assay CVs were 2 and 3% for TSH, 3 and 6% 

for free T3 and 4 and 5% for free T4. The sensitivities were 0.01 mIU/l for TSH, 

0.3 pmol/l for free T3 and 1.3 pmol/l for free T4. 

In Study IV, serum cortisol, free and total T3 as well as TSH were 

commercially analysed by immunoassay (Bayer Corp., Leverkusen, Germany) 

with an intra-assay CV of < 5.3% for cortisol, 2.7% for free T3, 6% for total T3 

and 5% for TSH, and assay detection limit of 5.52 nmol/l, 5.15 pmol/l, 1.69 

pmol/l and 0.03 mIU/l, respectively. Serum free and total T4 were commercially 

assayed by direct equilibrium dialysis, RIA and chemiluminescence (Bayer Corp.) 

with an intra-assay CV of 4.2 and 3.7% and assay detection limit of 10.3–34.7 

pmol/l and 72.1–176.3 nmol/l. 



 46

4.5.8 Serum cholesterol and lipids (IV) 

Cholesterol and lipids were commercially analysed by spectrophotometry 

(Olympus Corp. and Roche Diagnostics, Mannheim, Germany) with an intra-

assay CV of 1.5% for cholesterol, 2.5% for triglycerides and 3.5% for both high- 

and low-density lipoprotein (LDL). 

4.5.9 Serum thyroxine-binding globulin and sex hormone-binding 

globulin (IV) 

Thyroxine-binding globulin (TBG) was assessed by immunoassay (Quest 

Diagnostics, San Diego, CA, USA) with an intra-assay CV of 3% and detection 

limit of 20 nmol/l. Sex hormone-binding globulin (SHBG) was assessed by 

commercial immunochemiluminescence assay (Diagnostic Products Corp., Los 

Angeles, CA, USA). The intra-assay CV was < 6% and sensitivity < 0.2 nmol/l. 

4.5.10 Plasma catecholamines (IV) 

Adrenaline (A) and NA were analysed by high-performance liquid 

chromatography electrochemical detection using standards and controls from 

Biorad (Hercules, CA, USA) with an intra-assay CV of 12% for both 

catecholamines and assay detection limits of < 518.7 pmol/l for A and 1.28–6.55 

nmol/l for NA. 

4.5.11 Mood (III, IV) 

In Study III, a Finnish version of the profile of mood states including eight mood 

subscales (tension, fatigue, forgetfulness, vigour, depression, anger, slackening, 

insecurity) (Hänninen 1989) was administered at 16:00 and 11:30. TMD score 

was calculated by summing the scores of individual factors after weighting the 

vigour score negatively. 

In the Antarctic field study (IV), Automated Neuropsychological Assessment 

Metric (ANAM) (Reeves et al. 1995) modification for Isolated and Confined 

Environments was administered. The subjects were introduced to the test battery 

prior to the experiments. The battery included the following six mood subscales: 

vigour, happiness, fatigue, depression, anger and anxiety. 
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4.5.12 Cognition (II-IV) 

Cognition was assessed with test batteries consisting of both complex and simple 

cognitive tasks. Prior to the test, the subjects were familiarised with the test 

batteries and allowed to rehearse the tasks once. 

In Studies II and III, a battery of computerised cognitive performance tasks 

adapted from the Naval Medical Research Institute Performance Assessment 

Battery (Schrot & Thomas 1988) was administered at 16:00, 19:30, 08:00 and 

11:30. The battery included the following tasks: matching-to-sample, simple 

reaction time (simple RT), serial addition/subtraction, grammatical reasoning and 

repeated acquisition. For each task, accuracy (% correct) and reaction time (RT) 

were measured. The tasks are described in more detail in Study II. 

In Study IV, the ANAM for Isolated and Confined Environments was 

administered. Unlike most computerised test batteries, the ANAM uses accuracy 

and RT to calculate the throughput (efficiency, %) (Thorne 2006). In several 

clinical studies (Levinson et al. 1998, 2000, Bleiberg et al. 2000), the efficiency 

measure and ANAM have turned out to be valid tools and sensitive to changes in 

neurocognitive functioning. Furthermore, the ANAM is especially advantageous 

in studies requiring repeated testing due to its high test-retest reliability (Bleiberg 

et al. 1997, Levinson & Reeves 1997, Kabat et al. 2001, Levinson et al. 2005). 

The battery included the following tasks: code substitution, code substitution – 

delayed, continuous performance, logical reasoning, matching-to-sample, simple 

RT and Sternberg memory search. For each of the tasks, accuracy, RT and 

efficiency were measured. The tasks are described in more detail in Study IV. 

Table 4 summarises the cognitive functions the different tests assess. 
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Table 4. Cognitive performance tasks administered in Studies II-IV. 

Cognitive task Study Cognitive function Complexity 

Matching-to-sample II-IV Spatial and short-term or 

working memory 

Complex 

Simple reaction time II-IV Visuomotor mental 

flexibility 

Simple 

Serial addition/subtraction II, III Sustained attention Simple 

Grammatical reasoning II, III Logical reasoning Complex 

Repeated acquisition II, III Learning capability, short-

term memory 

Complex 

Code substitution IV Sustained attention and 

concentration, verbal 

learning, numeric and 

symbolic facility 

Complex 

Code substitution - delayed IV See above Complex 

Continuous performance IV Encoding, storage and use 

of working memory 

Complex 

Logical reasoning IV Abstract reasoning, verbal 

syntax 

Complex 

Sternberg memory search IV Encoding, categorisation, 

response selection, 

execution, visual and 

short-term memory 

Complex 

4.6 Statistical analyses 

In Study II, the effect of experimental condition was compared by paired t-tests. 

Seasonal differences for all 15 participants (n = 208) were compared using one-

way analysis of variance. By repeated measures analysis of variance, the effects 

of season and environmental condition on cognitive task performance were 

analysed. A pooled time series method (Ward & Leigh 1993) was used for 

multivariate analyses of the independent effects of season as well as the 

combination of cold temperature and dim light on accuracy and RT. A least 

squares dummy variable regression model and fixed effects were used (for a 

detailed description, see Study II). 

In Study III, seasonal differences of mood and hormone levels were 

compared by Mann-Whitney tests. The association of thermoregulation and 

hormones with psychological parameters was analysed by Spearman correlations. 
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In Study IV, the association of psychological parameters with demographics, 

anthropometry, physiology and biochemical measures was analysed by Spearman 

correlations and hierarchical linear regression models. 

In Study V, seasonal differences between the two study populations were 

compared by independent samples t-tests. The effect of time on hormone levels or 

excretion rates was calculated by repeated measures analysis of variance. The 

association of hormone levels with excretion rates was analysed by Pearson 

coefficient of correlation. 

Significance was set at p < 0.05 in all of the studies. 
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5 Results 

5.1 Effects of season and cold on thermal responses 

The effects of season and cold on thermal responses have been described in more 

detail in Mäkinen et al. (2004) and in Mäkinen (2006). Briefly, in a 24-h cold 

exposure, Tsk decreased to 28–29°C. It decreased 0.7°C more in winter than in 

summer, but remained at a higher level (p < 0.05). There were no seasonal 

differences in daytime Trect during the cold exposure. Seasonal variation in night-

time Trect was observed only at 22°C, where it was lower in winter (p < 0.05) at 

specific time points (04:00 and 06:00). 

5.2 Effects of cold, light and season on cognition (II) 

A 24-h exposure to cold air and dim light improved complex task (grammatical 

reasoning, matching-to-sample, repeated acquisition) and impaired simple task 

(addition/subtraction, simple RT) accuracy (p < 0.05–0.001, Study II, Tables 1 

and 3). All tasks were performed faster in cold and dim conditions, as judged by 

shorter RTs (p < 0.01–0.001, Study II, Table 1). Independently, cold improved 

accuracy in the grammatical reasoning and repeated acquisition tasks while 

impairing accuracy in the simple RT task (p < 0.01–0.001, Study II, Table 1). RTs 

were shorter in the cold in two complex (grammatical reasoning, repeated 

acquisition) and simple tasks (p < 0.01–0.001, Study II, Table 1). Accuracy was 

unrelated to changes in light, but RTs were shorter in the grammatical reasoning 

and matching-to-sample tasks (p < 0.05, Study II, Table 1). The effects of cold or 

cold and darkness on cognition are depicted in Fig. 2. 
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Fig. 2. A schematic diagram of the effects of cold or cold and darkness on simple and 

complex cognitive tasks in the present study. 

Seasonal differences were observed in two tasks. The addition/subtraction task 

was performed more accurately and faster in summer than in winter and the 

repeated acquisition task more accurately in winter (p < 0.05–0.001, Study II, 

Table 2). However, when season was examined as an independent predictor, 

accuracy was unrelated to season, but RTs were shorter in the summer in the 

grammatical reasoning and simple RT tasks (p < 0.05–0.001, Study II, Table 3). 

Trect was unrelated to cognition. Higher Tsk was associated with impaired 

cognition, shown by its negative association with complex task accuracy 

(grammatical reasoning, r = -0.2, p < 0.01; matching-to-sample, r = -0.15, p < 

0.05; repeated acquisition, r = -0.19, p < 0.05) and positive association with RT in 

all tasks (r = 0.18–0.38, p < 0.05–0.001). Cold-induced discomfort was negatively 

associated with RT in the grammatical reasoning task (r = 0.15, p < 0.05). Table 5 

summarises the effects of time of day, test sequence, condition (temperature, light) 

and season on the different cognitive tasks. 

Simple tasks Complex tasks

Exposure

PERFORMANCE

Cold

Cold + darkness

(+, -)

(+, -)

(+)

(+)
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Table 5. The effects of test time, test sequence (number of tests performed), condition 

(warm, cold, bright/dim light) and season (winter, summer) on cognitive task accuracy 

and RT (modified from Study II, Table 3). 

Factor Grammatical 

reasoning 

Matching-to-

sample 

Addition/subtraction Simple reaction 

time 

Repeated 

acquisition 

Accuracy      

Time of daya Improved Improved Unchanged Unchanged Improved 

Test 

sequence 

Unchanged Unchanged Unchanged Unchanged Unchanged 

Conditionb Improved in 

cold 

Improved in 

cold 

Impaired in cold Impaired in cold Improved in 

cold 

Seasonc Unchanged Unchanged Unchanged Unchanged Unchanged 

Response time      

Time of daya Shorter Unchanged Shorter Shorter Unchanged 

Test 

sequence 

Unchanged Unchanged Unchanged Unchanged Unchanged 

Conditionb Shorter in cold Shorter in cold Shorter in cold Shorter in cold Shorter in cold 

Seasonc Longer in 

summer 

Unchanged Unchanged Longer in 

summer 

Unchanged 

a T1 = 16:00 (2 h), T2 = 19:30 (5.5 h), T3 = 8:00 (18 h), T4 = 11:30 (21.5 h), b 1 = 22°C, 2 = 10°C bright 

light, 3 = 10°C dim light; c 1 = winter, 2 = summer 

5.3 Seasonal effects on serum melatonin, thyroid hormones and 
mood (III) 

MT level was higher in winter than in summer only at 22:00 (p < 0.05, Study III, 

Table I). TSH and thyroid hormone levels were unrelated to season. Furthermore, 

only one mood subscale, vigour, showed seasonal differences being lower in 

winter (p < 0.05). 

5.4 Associations of serum melatonin and thyroid hormones with 
mood and cognition (III) 

Trect was negatively associated with MT (r = -0.580, p < 0.01) and TSH levels (r = 

-0.446, p < 0.01), whereas Tsk was positively associated with them (MT, r = 0.519, 

p < 0.01, TSH, r = 0.204, p < 0.05). Free T3 and T4 were unrelated to thermal 

parameters. 

Based on the profile of mood states questionnaires, the subjects experienced 

25–131% more depression, forgetfulness and insecurity in winter, whereas the 
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other mood subscales reflecting mood disturbances remained unchanged. In 

addition, tension and anger decreased by 26 and 65% in cold and dim conditions 

compared with warm and bright conditions. 

MT and thyroid hormones appeared to improve mood, since MT level was 

positively associated with vigour. Free T3 level was negatively associated with 

tension, fatigue, depression, anger and TMD, whereas free T4 level was 

negatively associated with fatigue, anger and TMD (Study III, Table II). TSH was 

unrelated to mood. 

On the other hand, MT level was negatively associated with simple task 

(simple RT, addition/subtraction) accuracy. TSH had mixed effects on cognition, 

shown by the negative association with accuracy on the simple RT task and RT on 

the grammatical reasoning and the simple RT tasks. Furthermore, free T3 

improved cognition, manifested by the positive association with accuracy on the 

addition/subtraction task and negative association with RT on the simple RT task 

(Study III, Table III). Free T4 was unrelated to cognition. 

5.5 Associations of demographic, anthropometric, physiological 
and biochemical measures with mood and cognition (IV) 

5.5.1 Spearman correlations 

The field study in Antarctica showed that higher age was associated with impaired 

complex task (code substitution, code substitution – delayed, continuous 

performance, logical reasoning, matching-to-sample, Sternberg memory search) 

accuracy as well as impaired efficiency and longer RT in complex and simple 

(simple RT) tasks. Furthermore, higher age was associated with less negative 

mood. Female gender was associated with less positive and more negative mood. 

South Pole residents exhibited longer complex task RT, greater simple task 

efficiency and more positive mood than McMurdo residents. Longer AR was 

associated with improved complex task accuracy and efficiency as well as less 

positive mood (Study IV, Table I). 

Higher BMI was associated with impaired complex task accuracy and less 

negative mood. Higher body fat % impaired cognition, shown by the negative 

association with complex task accuracy and simple task efficiency. Diastolic BP 

was positively associated with simple task RT. Higher HR improved cognition, 
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manifested by the positive association with efficiency in all tasks and negative 

association with complex task RT (Study IV, Table I). 

Higher triglyceride levels were associated with improved complex task 

efficiency and less negative mood. Higher level of high-density lipoprotein was 

associated with less positive and more negative mood (Study IV, Table I). 

Adrenaline improved cognition, shown by the positive association with 

efficiency and negative association with RT in the simple RT task. Cortisol and 

SHBG impaired mood. Higher cortisol level was associated with more negative 

mood, whereas higher SHBG level was associated with less positive and more 

negative mood. Thyroid hormones improved mood. Higher free T3 level was 

associated with more positive and higher free T4 level with less negative mood. 

On the other hand, total T4 level was positively associated with complex task RT. 

TBG impaired cognition and mood, manifested by the negative association with 

efficiency and positive association with RT in complex cognitive tasks. 

Furthermore, higher TBG level was associated with less positive and more 

negative mood (Study IV, Table I). Table 6 summarises the correlations of 

psychological measures with demographic, anthropometric, physiological and 

biochemical measures. 
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Table 6. The associations of demographic, anthropometric, physiological and 

biochemical measures with cognition (complex and simple tasks) and mood (modified 

from Study IV, Table I). 

Parameter Complex tasks (n = 328) Simple tasks (n= 329) Mood (n = 329) 

 Accuracy Efficiency RT Efficiency RT Positive Negative 

Demographics        

Age - - + - + 0 - 

Gender 0 0 0 0 0 - + 

Station 0 0 + + 0 + 0 

AR + + 0 0 0 - 0 

Year of study 0 0 0 0 0 0 0 

Anthropometry        

BMI - 0 0 0 0 0 - 

Body fat % - 0 0 - 0 0 0 

W-to-h ratio 0 0 0 0 0 0 - 

Physiology        

Tty - 0 0 0 0 0 0 

SBP 0 0 0 0 0 0 0 

DBP 0 0 0 0 + 0 0 

HR 0 + - + 0 0 0 

Serum lipids        

Total chol 0 0 0 0 0 0 0 

Triglycerides 0 + 0 0 0 0 - 

HDL 0 0 0 0 0 - + 

LDL 0 0 0 0 0 0 0 

Hormones        

Adrenaline 0 0 0 + - 0 0 

Noradrenaline 0 0 0 0 0 0 0 

Cortisol 0 0 0 0 0 0 + 

SHBG 0 0 0 0 0 - + 

Free T3 0 0 0 0 0 + 0 

Total T3 0 0 0 0 0 0 0 

Free T4 0 0 0 0 0 0 - 

Total T4 0 0 + 0 0 0 0 

TSH 0 0 0 0 0 0 0 

TBG 0 - + 0 0 - + 

- = negative, + positive, 0 = no correlation, RT = reaction time, AR = number of days in Antarctica, BMI = 

body mass index, W-to-h ratio = waist-to-hip ratio, Tty = tympanic temperature, SBP = systolic blood 

pressure, DBP = diastolic blood pressure, HR = heart rate, Total chol = total cholesterol, HDL = high-

density lipoprotein, LDL = low-density lipoprotein, SHBG = sex hormone-binding globulin, T3 = 

triiodothyronine, T4 = thyroxine, TSH = thyrotropin, TBG = thyroxine-binding globulin 
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5.5.2 Hierarchical regression models 

Hierarchical regression models were used in order to analyse the variance in 

outcome variables (positive and negative mood as well as accuracy, efficiency 

and RT in complex and simple tasks) at multiple hierarchical levels, i.e., to reveal 

the significance of each variable group (demographic, anthropometric, 

physiological, biochemical measures) in the results. 

Complex task performance 

Higher age was associated with impaired accuracy and efficiency as well as 

longer RT. South Pole residents exhibited greater accuracy and efficiency as well 

as shorter RT than McMurdo residents. Longer AR was associated with improved 

accuracy and efficiency. The demographic measures accounted for 12, 26 and  

23% of the variation in accuracy, efficiency and RT (p < 0.001, Study IV, Table II). 

BMI was negatively associated with accuracy. Higher HR was associated 

with improved efficiency and shorter RT. After adding the anthropometric and 

physiological measures in the regression models, the models explained 14% of 

the variation in accuracy (NS), 29% in efficiency (NS) and 26% in RT (p <0.05, 

Study IV, Table II). 

Complex task performance was unrelated to lipid levels (total cholesterol, 

triglycerides, high-density lipoprotein, LDL). Adding the lipid measures in the 

regression models did not change the association of complex task performance 

with demographic, anthropometric, physiological and lipid measures (Study IV, 

Table II). 

SHBG and total T4 improved complex task performance. SHBG level was 

negatively associated with RT, whereas total T4 level was positively associated 

with accuracy. TBG impaired complex task performance, shown by the negative 

association with efficiency and positive association with RT. After adding the 

hormonal measures in the regression models, the models explained 19% of the 

variation in accuracy (NS), 33% in efficiency (NS) and 31% in RT (p < 0.05, 

Study IV, Table II). 

Simple task performance 

Higher age was associated with impaired efficiency and longer RT. South Pole 

residents exhibited greater efficiency than McMurdo residents. The demographic 
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measures accounted for 10 and 9% of the variation in efficiency and RT (p < 

0.001, Study IV, Table III). 

BMI and HR had positive effects on simple task performance, manifested by 

the positive association with efficiency and negative association with RT. After 

adding the anthropometric and physiological measures in the regression models, 

the models explained 15 and 14% of the variation in efficiency and RT (p < 0.05–

0.01, Study IV, Table III). 

LDL level was positively associated with RT. Adding the lipid measures in 

the regression models did not change the association of simple task performance 

with demographic, anthropometric, physiological and lipid measures (Study IV, 

Table III). 

Simple task performance was unrelated to hormonal measures (A, NA, 

cortisol, SHBG, free and total T3 and T4, TSH, TBG). Adding the hormonal 

measures in the regression models did not change the association of simple task 

performance with demographic, anthropometric, physiological, lipid and 

hormonal measures (Study IV, Table III). 

Mood 

Female gender was associated with less positive and more negative mood. South 

Pole residents exhibited more positive mood than McMurdo residents. Longer AR 

was associated with less positive mood. The subjects in year 2 exhibited less 

negative mood than the subjects in year 1. The demographic measures accounted 

for 10 and 3% of the variation in positive (p < 0.001) and negative mood (NS, 

Study IV, Table IV). 

Mood was unrelated to anthropometric (BMI, body fat, waist-to-hip ratio), 

physiological (tympanic temperature, systolic and diastolic BP, HR) or lipid 

measures. Adding the anthropometric, physiological and lipid measures in the 

regression models did not change the association of mood with demographic, 

anthropometric, physiological and lipid measures (Study IV, Table IV). 

Higher cortisol level was associated with more negative mood and higher 

total T3 level with more positive mood. Adding the hormonal measures in the 

regression models did not change the association of mood with demographic, 

anthropometric, physiological, lipid and hormonal measures (Study IV, Table IV). 
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5.6 Effects of cold and light on serum and urinary melatonin and 
urinary 6-sulphatoxymelatonin (V) 

The diurnal patterns of serum MT levels and excreted urinary MT and aMT6s 

were unrelated to environmental condition (22°C vs. 10°C, bright vs. dim light). 

Serum MT level was elevated at 24:00 and remained so until 08:00 (p < 0.001), 

peaking at 04:00. Urinary MT excretion rate was elevated at 22:00–02:00 and 

remained so until 09:00 (p < 0.001). Compared with the excretion rate at 14:00–

16:00, it was similar at 09:00–11:00 and lower at 11:00–14:00 (p < 0.01). Urinary 

aMT6s excretion rate was elevated at 22:00–02:00 (p < 0.01) and highly elevated 

after that until 11:00. Table 6 summarises the mean night-time/daytime 

secretion/excretion ratios of area under the curve (AUC) MT in serum and urinary 

MT and aMT6s. 

Table 7. The mean night-time/daytime secretion/excretion ratios of AUC MT in serum 

and urinary MT and aMT6s (modified from Study V, Table 1). 

Parameter Night-time/daytime ratio S.E. 

AUC MT in serum 2.3 0.3 

Urinary MT 1.7 0.1 

Urinary aMT6s 4.6 1.0 

5.7 Associations of serum melatonin with urinary melatonin and 6-
sulphatoxymelatonin (V) 

Both urinary MT and aMT6s excretion totals correlated with AUC MT in serum. 

Urinary MT excretion totals were positively associated with AUC MT in serum in 

the night (22:00–09:00, r = 0.671, p < 0.01), the day (09:00–22:00, r = 0.436, p < 

0.05) and the 24-h period (14:00–14:00, r = 0.589, p < 0.01). Urinary aMT6s 

excretion totals were positively associated with AUC MT in serum in the night (r 

= 0.418, p < 0.05), the day (r = 0.394, p < 0.05) and the 24-h period (r = 0.679, p 

< 0.01). The urinary MT excretion total was more strongly associated with the 

AUC MT in serum than the aMT6s excretion total in the night (0.671 vs. 0.418) 

and the day (0.436 vs. 0.394). However, in the 24-h period, the aMT6s excretion 

total was more strongly associated with AUC MT in serum (0.679 vs. 0.589). 

With the excretion of urinary aMT6s being higher than that of MT, the 

MT/aMT6s excretion ratio ranged from 0.004 (07:00–09:00) to 0.032 (12:00–

14:00) in the 24-h period. Compared with the excretion ratio at 14:00, it was 
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elevated in the late afternoon and early evening, diminishing towards the morning 

(07:00–11:00, p < 0.001). 
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6 Discussion 

6.1 Seasonal effects on cognition in the cold (II) 

According to the hypothesis, the seasonal changes in photoperiod and 

environmental temperature occurring in circumpolar areas affect hormonal 

responses, possibly leading to more negative mood (Palinkas 2003) and impaired 

cognition in winter. However, the results did not support this hypothesis by 

showing that season did not affect cognition during a short-term cold exposure. 

Based on the profile of mood states questionnaires, the subjects experienced 

25–131% more depression, forgetfulness and insecurity in winter, whereas the 

other mood subscales reflecting mood disturbances remained unchanged. Only 

two of the five cognitive tasks showed seasonal variation: there was improved 

accuracy in the repeated acquisition task in the winter and in the 

addition/subtraction task in the summer. However, after controlling for test 

condition, sequencing of day and the time of day, season was not associated with 

accuracy in any of the tasks. In two tasks (simple RT, grammatical reasoning), 

RTs were longer in the summer. These results are consistent with a previous study 

by Brennen et al. (1999), who found improved cognition in winter in residents 

living in Northern Norway. There are only few studies where seasonal changes in 

cognition have been examined. Michalon et al. (1997) reported deficits in 

recognition memory and recall in SAD patients compared with controls in three 

consecutive winters. However, their work lacked the comparison with summer. 

Drake et al. (1996) reported improved performance in the Stroop test in summer. 

In addition, excluding the subjects with co-morbid disorders (e.g., SAD) from the 

present study may have reduced the possible seasonal variation in cold-induced 

changes in cognition. 

In contrast to outdoor workers in Northern Finland (Hassi et al. 2001), the 

present study reported no seasonal variation in TSH or thyroid hormone levels in 

young urban subjects (Study III). That may be why there was a lack of association 

between season and cognition in the present study. The lack of seasonal variation 

in thyroid function and cognition indicates that the cold exposure has been short 

(Mäkinen et al. 2006b) and probably insufficient to cause repeated cooling and 

changes in thermoregulation, metabolism or hormone secretion (Study II, 

Mäkinen et al. 2004). On average, Finns are exposed to cold for 7 h/wk (60 

min/d), accounting for only 4% of their time (Mäkinen 2006). Most of this 
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occurred during leisure-time (71%), 14% during commuting to work and 4% as 

occupational exposure. Improved urban environmental conditions (e.g., short 

distance between home and work) and the ability to protect oneself from 

environmental factors (e.g., through the use of protective, engineered and tested 

cold-weather clothing, housing, heated vehicles) may have reduced the possible 

seasonal variation in cognition. 

The present study also examined the separate and combined effects of cold 

and light on cognition. As the conditions became progressively more severe (i.e., 

from warm and bright to cold and bright to cold and dim), the subjects performed 

the tasks faster, while accuracy improved in three and impaired in two tasks. 

Furthermore, tension and anger decreased by 26 and 65% in cold and dim 

conditions compared with warm and bright conditions. The improved complex 

task performance in more severe environmental conditions could support the 

arousal hypothesis (Payne 1959, Provins et al. 1973, Ellis 1982, Ellis et al. 1985, 

Enander 1987, Van Orden et al. 1990). The moderate cold exposure (slightly 

decreased Tsk, unchanged Trect) and dim light might have increased arousal to a 

level improving cognition. Hence, the subjects took the cold as a challenge and 

devoted more attention to the tasks as the conditions became more severe. 

Cold exposure and light affected complex and simple task performance 

differently. The three tasks exhibiting improved accuracy and shorter RTs 

(matching-to-sample, grammatical reasoning, repeated acquisition) are designed 

to assess complex cognitive performance in short-term memory, logical reasoning 

and executive function. The two tasks exhibiting impaired accuracy (simple RT, 

addition/subtraction) are designed to assess simple cognitive performance in 

sustained attention and visuomotor flexibility. Complex task performance 

improved under cold as well as cold and dim conditions, compared to warm and 

bright conditions. This supports the findings of Gunstad et al. (2009), although 

some previous studies have reported impairments especially in complex tasks 

during short-term moderate cooling (5–10°C, 60–90 min) (Bowen 1968, Ellis 

1982, Enander 1987, Thomas et al. 1989) or more severe core cooling 

(Giesbrecht et al. 1993, Lockhart et al. 2005). According to the hypothesis, 

arousal improves complex task performance during moderate cooling. This is 

consistent with a previous study where complex task performance first improved 

during cold water immersion and was impaired with the progression of core 

cooling (Giesbrecht et al. 1993). Cold impaired simple task performance 

impairing accuracy and shortening RT, i.e. they were performed faster but less 

accurately. Previously, even under relatively severe cooling, the simple RT task 
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has shown only minimal impairments (Teichner 1958, Ellis 1982, Hoffman 2002). 

In the present study, the addition/subtraction task was performed less accurately 

in the cold. This might be due to the less attention required by simple tasks 

compared to complex tasks. Cold may be a distracting factor impairing 

performance. 

The various cold-induced effects on complex and simple task performance 

can be viewed from the perspective of information processing. Shiffrin & 

Schneider (1977) made a distinction between automated and controlled 

processing. Automated processing requires minimal effort, intention and 

subjective awareness characterised by fast and almost limitless capacity in 

information processing. Controlled processing requires effort, intention and 

awareness, being subject to limitations in capacity. Different aspects of the stress 

response seem to be regulated by controlled and automated processing 

(Ellenbogen et al. 2006). Cold stress-induced changes in arousal or distraction 

may affect controlled and automated processing differently (Gunstad et al. 2009). 

However, the clarification of the exact mechanism needs further research. 

In the present study, when examining the effect of season on cognition in the 

cold, the relatively small sample size may have precluded the ability to have 

sufficient power to rule out a Type II error. Furthermore, ceiling effects may have 

affected some of the accuracy measures. 

6.2 Associations of serum melatonin and thyroid hormones with 
mood and cognition (III) 

It was hypothesised that the changes in mood subscales as well as simple and 

complex tasks, caused by exposure to cold and light, either separately or 

combined for 24 h in winter and summer, are associated with MT, thyroid 

hormones and TSH. The results supported the hypothesis by showing that MT and 

free T3 were associated with mood and cognition, free T4 with mood and TSH 

with cognition. 

Lower Trect was associated with higher MT and TSH levels. Conversely, 

lower Tsk was associated with lower MT level. The subjects slept in sleeping bags, 

which increased Tsk in the night (Mäkinen et al. 2004). This may explain the 

association between Tsk and MT level. In addition, the intrinsic circadian 

mechanisms in the regulation of MT and TSH secretions and Trect may contribute 

to the inverse association between Trect and MT level. This is consistent with the 
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work of Burgess et al. (2001) showing that MT lowers Trect while increasing 

peripheral temperature by vasodilatation. 

Higher daytime MT level was associated with more vigour and impaired 

accuracy in the simple RT and addition/subtraction tasks. Higher free T3 and T4 

levels were associated with less negative mood and TMD. Furthermore, higher 

free T3 level was associated with improved accuracy on the addition/subtraction 

task and shorter RT on the simple RT task. 

Higher MT level was associated with impaired accuracy on the two cognitive 

tasks (simple RT, addition/subtraction) assessing simple elements of performance. 

Moreover, in performing the simple RT, there appears to have been a trade-off 

between increased speed (weak association between higher MT level and shorter 

RT) and impaired accuracy (association between higher MT level and impaired 

accuracy). A similar trade-off was observed in a study of Le Scanff et al. (1997). 

Exposure to cold air and dim light leads, at least to some extent, to increased 

distraction, resulting in impaired simple task performance. 

Higher TSH level was associated with impaired accuracy and shorter RT on 

the simple RT and on the grammatical reasoning tasks. Similar findings have been 

reported in a previous study of men and women spending a year in Antarctica 

(Reed et al. 2001). Exposure to cold air and dim light during austral winter leads 

to impaired cognition through increased depression and forgetfulness. 

Furthermore, the association between lower Trect and higher TSH level observed 

here provides some support for the polar T3 syndrome (Reed et al. 1986), 

suggesting that as Trect declines, the increase in TSH to compensate for the 

transference of reserves of T3 into skeletal muscle are related to a state similar to 

SCH of CNS (Palinkas et al. 2001). 

6.3 Associations of demographic, anthropometric, physiological 

and biochemical measures with mood and cognition (IV) 

A hypothesis was put forward that the changes in mood as well as in simple and 

complex cognitive tasks observed during a prolonged cold exposure in Antarctica 

are associated with demographic, anthropometric, physiological or biochemical 

measures. The results supported this hypothesis by showing that two of the 

demographic measures (station, AR) were associated with mood and cognition. 

Age, BMI and HR as well as total T4 and TBG levels were associated with 

cognition, whereas gender, cortisol and total T3 level were associated with mood. 

However, cognition appeared to be mostly affected by age and mood by gender. 
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At arrival in Antarctica in the austral summer, South Pole residents 

experienced higher thyroid hormone levels (free and total T3 and T4) than 

McMurdo residents of this same cohort (Palinkas et al. 2007). They also had 

lower triglyceride, cortisol and LDL levels in summer. Furthermore, South Pole 

residents experienced a 39% decrease in TSH compared with a 32% increase in 

McMurdo in winter. In complex task performance, South Pole residents were 

more accurate and efficient in both seasons. Combined with lower BMI and 

tympanic temperature compared to McMurdo residents, higher thyroid hormone 

levels may reflect increased metabolic and physiological responses to colder 

temperatures and/or higher altitude at South Pole compared to McMurdo with no 

apparent adverse effect on mood and cognition. 

Older age was associated with impaired cognition, so that its impact on the 

variation in complex task accuracy increased by 10 percentage units, as well as in 

efficiency and RT by eight percentage units through the 4-step hierarchical 

regression models. These results suggest the importance of age in complex task 

performance during cold acclimatisation. 

Consistent with previous results of poorer memory and executive function 

test performance of overweight and obese adults compared with normal weight 

counterparts (Gunstad et al. 2006, 2007), higher BMI was associated with 

impaired complex task performance and its impact on the variation in accuracy 

increased by 3 percentage units. Previously, higher BMI was found to predict low 

accuracy in this cohort (Reed 2005). On the other hand, in the present study, BMI 

had mixed effects on simple task performance, being associated with improved 

efficiency and longer RT, and its impact on the variation increased by seven 

percentage units in efficiency and RT. 

Higher HR was associated with improved complex task performance and its 

impact on the variation in efficiency increased only slightly by one percentage 

unit, whereas the impact on the variation in RT remained at a constant of 14%. In 

Study II, exposure to cold and darkness in laboratory conditions was associated 

with shorter RT in all cognitive tasks. However, complex task accuracy improved, 

whereas simple task accuracy impaired. Previously, HR was found to predict 

shorter RT in the same cohort (Palinkas et al. 2007) supporting the arousal 

hypothesis, where acute cold-induced arousal improves cognition by shortening 

RT (Study II). However, caution should be exercised in drawing these conclusions: 

the HR measured here represents the basal HR, not the one measured during the 

actual cognitive test as in Study II. 
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Total T4 level was associated with improved complex task accuracy with an 

impact of 17% on the variation. Higher TBG level was associated with impaired 

complex task performance with an impact of 14% on the variation in efficiency 

and RT. TBG might affect cognition through modulating the availability of free 

thyroid hormones and acting as a surrogate for T3 either in circulation or at the 

CNS level. Changes in liver function might also have led to changing TBG levels, 

although the changes in TBG levels were not significant (Palinkas et al. 2007). 

Residence at the South Pole was associated with more positive mood, so that 

its impact on the variation increased slightly by one percentage unit. However, 

duration of AR was associated with less positive mood and its impact on the 

variation also increased slightly by one percentage unit. Thus, although residents 

of the station with more severe environmental conditions reported more positive 

mood, the longer the period of AR, the less positive the mood for residents of 

both stations. The psychological characteristics of prolonged isolation and 

confinement may be more important than the severity of the physical environment 

(Palinkas 1992, Palinkas et al. 2000). The negative association between physical 

severity and emotional stability may be affected by the characteristics of polar 

expeditioners and their motivation to adapt to the harsh environmental conditions 

(Palinkas et al. 2000). 

The role of total T3 as an independent predictor of positive mood and 

affecting the mood changes related to polar T3 syndrome (Reed et al. 2001) was 

confirmed by the association between total T3 level and more positive mood 

found in the present study. The impact of total T3 level on the variation in positive 

mood was 27%, despite the changes in thyroid hormone levels related to the use 

of thyroid hormone supplements, tyrosine or light treatment (Palinkas et al. 2007, 

2009). 

Consistent with previous studies, female gender was associated with more 

negative mood and its impact on the variation increased by 11 percentage units. 

Cortisol level was associated with more negative mood and its impact on the 

variation was 14%. These findings are consistent with a previous study of Reed et 
al. (2001), where the stress related to exposing oneself to austral winter increases 

depression and impairs memory. Thus, mood is mostly affected by gender and 

including other parameters in the hierarchical regression models increased the 

impact of station, AR and gender on the variation in mood. 

However, caution should be exercised in interpretation and explanation of 

these results for a number of reasons, including the multiple comparisons 

conducted in the concurrent and longitudinal analyses. Associations between 
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hormone levels and psychological measures may have been attenuated by the use 

of thyroid supplements, tyrosine or light treatment. In addition, South Pole is 

colder, at higher latitude and experiences a longer period of darkness in winter 

than McMurdo, making it difficult to disaggregate the effects of the three 

environmental conditions on physiology and behaviour. The effect of the inter-

individual variation in characteristics of the residents and their motivation level 

on physiology and behaviour could not be assessed. In addition, detailed 

information on the extent of outdoor exposure on each participant, both in terms 

of its nature (i.e., work, recreation, travel) and duration (i.e., number of h/d), 

could not be obtained. Thus, further research is required to substantiate the 

independent association between hormonal responses to the extreme environment 

and psychological measures. 

6.4 The feasibility of urinary melatonin in describing serum 
melatonin (V) 

It was hypothesised that urinary MT indicates diurnally and seasonally changing 

MT secretion better than urinary aMT6s. The results supported this hypothesis by 

showing that, in spite of giving similar information about the diurnal MT 

secretion, the urinary aMT6s measurements had larger variation, shown by a ca. 

4-fold greater CV in the aMT6s assay than in the urinary MT assay. Therefore, if 

a plasma/serum MT assay is already in use, it is more convenient to use the 

urinary MT assay than the aMT6s assay. 

Changing the normal daytime temperature and luminosity to cold and dim did 

not affect the diurnal secretion/excretion patterns of serum or urinary MT or 

urinary aMT6s. On the other hand, several studies have shown that MT secretion 

is higher in winter than in summer due to different lighting conditions (Kivelä et 
al. 1988, Wehr 1991, Buresova et al. 1992, Levine et al. 1994, Levine & Duffy 

1998, Leppäluoto et al. 2003). The relatively short exposure period (24 h) might 

have been too short for these changes to occur. 

MT is almost completely distributed in tissues due to its lipophilic nature. 

The plasma MT pool represents < 0.1% of the tissue MT pool in rats (Sallinen et 
al. 2005). Circulating MT is mainly metabolised by hydroxylation at the C-6 

position in the liver. After that, it is conjugated with sulphate to form aMT6s 

(70%) or with glucuronide (6%) (Kopin et al. 1961, Kveder & McIsaac 1961, 

Jones et al. 1969, Leone & Silman 1984). Less than 1% of circulating MT is 

excreted unaltered into urine (Wetterberg et al. 1978). The excretion of aMT6s 
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was 360 times higher than that of MT. Previously, Kovács et al. (2000) found 

about 367 times higher excretion total of aMT6s into urine during a nocturnal 16-

h observation period in 16 adolescents. 

The associations of serum MT level with urinary MT and aMT6s excretions 

were also studied. MT levels in the night, during the day and the 24-h period, as 

estimated by AUC, correlated with excretions. The correlation was stronger with 

urinary MT than with aMT6s in the night and during the day. The correlation was 

the strongest in aMT6s during the 24-h period, but the correlation between 

nocturnal MT excretion and AUC MT in serum was of the same order. Both 

urinary MT and aMT6s accurately reflected the levels of serum MT, although the 

correlations observed were somewhat lower than those obtained by Kovács et al. 
(2000). The relatively low number of samples (n = 9 in 24 h), especially during 

the day, may have been the cause for the low correlations. In urinary MT and 

aMT6s, the correlations were lower in the day compared with night. Daytime 

concentrations of MT in the serum of healthy volunteers are usually close to the 

detection limit in the RIA. Urine levels were more demonstrative in this respect, 

although analyses of low daytime values are more susceptible to unspecific 

contaminants (Vakkuri et al. 1984). Compared to the daytime values, the mean 

night-time levels of serum and urinary MT were 1.7 and 2.3 times higher with 

peak levels 7.2 and 3.9 times higher than the trough levels. Comparing the 

simultaneous measurements of serum MT as well as urinary MT and aMT6s, 

serum and urinary MT measurements give similar information about the diurnal 

MT levels. Possibly due to increased production late at night and in the morning, 

the urinary aMT6s measurements have larger variation, shown by a ca. 4-fold 

greater CV in the aMT6s assay. Therefore, it is more convenient to use the urinary 

MT assay if a plasma/serum MT assay is already in use. 

The present study gives new information about the urinary MT/aMT6s 

excretion ratio and its diurnal variation in which the aMT6s increase was high 

towards the night and remained so. The ratio range was 0.004–0.032, being lower 

in the morning. This might indicate more efficient liver function, such as 

hydroxylation and sulphate conjugation, in the night. This is in line with the 

previous results of correlation between urinary MT excretion and AUC MT in 

serum after MT administration, whereas urinary aMT6s did not relate to AUC MT 

in serum (Kovács et al. 2000). Furthermore, urinary aMT6s levels were relatively 

higher than serum MT, indicating enhanced detoxification. 
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It should be noted that the urinary MT assay used includes chloroform 

extraction that makes it less convenient than direct assays. On the other hand, the 

aMT6s assay turned out to have large variation and a narrow assay range. 



 70



 71

Conclusions 

1. Exposure to acute, moderate, non-hypothermic cold had positive, negative or 

mixed effects on cognition depending on task complexity, so that simple task 

performance deteriorated and complex task performance improved as the 

environmental conditions became progressively more severe. Season did not 

affect cognition. Performance in cognitive tests was similar in August 

(summer) and February (winter). In agreement with the previous studies, 

moderate, non-hypothermic cold exposure possibly affects cognition through 

mechanisms of arousal (acute cold exposure) or distraction (prolonged cold 

exposure) caused by the cold exposure. 

2. Exposure to acute, moderate, non-hypothermic cold resulted in decreased 

serum thyroid hormone levels similar to the onset of polar T3 syndrome. Low 

free T3 level was associated with more negative mood. Higher MT and TSH 

levels were associated with impaired cognition, indicating a mild sedative 

effect of MT. The results suggest that even an acute, non-hypothermic cold 

exposure can impair mood and simple task performance. 

3. During prolonged cold exposure in Antarctica, higher serum T4 and TBG 

levels were associated with improved and impaired complex cognitive 

performance, respectively. Hormones were unrelated to simple task 

performance. Higher total T3 and cortisol levels were associated with more 

positive and negative mood, respectively. However, cognition was mostly 

affected by age and mood by gender. Prolonged cold exposure was associated 

with less positive mood and improved complex cognitive performance. The 

associations accounted for 11–55% of the variation between psychological 

measures and demographic, anthropometric, physiological and biochemical 

measures. The results should thus be interpreted with caution. 

4. When comparing the results obtained from laboratory and field studies, they 

appeared to represent different phases of the polar T3 syndrome. In the 

laboratory conditions, something similar to the onset of the syndrome was 

observed, while the subsequent stages of the syndrome were observed in 

Antarctica. The serum T3 levels were associated with mood changes related to 

the polar T3 syndrome in both acute and prolonged cold exposure, whereas T4, 

TSH and TBG levels were associated with changes in cognition. Even an 

acute, non-hypothermic cold exposure could impair mood and cognition. 

When the cold exposure was extended, as during residence in Antarctica, 
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mood continued to worsen, but complex task performance improved due to 

cold acclimatisation. 

5. When examining the feasibility of urinary MT and aMT6s in describing 

serum MT level, both assays proved to be valid. However, the urinary MT 

assay followed serum MT better, suggesting the superiority of the urinary MT 

assay for estimating MT secretion. As a non-invasive method, the urinary MT 

assay minimises the inconvenience related to sampling, allowing subjects to 

perform normally between samples and increasing the reliability of the results. 

The urinary MT assay represents a gentle, non-invasive method for studying 

MT secretion and thus increasing the number of cases amenable to study in 

physiological trials. 

In conclusion, the association of serum MT and thyroid hormones with mood are 

consistent with the psychological changes associated with the onset of polar T3 

syndrome. The association of MT, TSH and free T3 with cognition support the 

decrements in cognition associated with the polar T3 syndrome. The associations 

of subject’s age and gender with cognition and mood possibly refer to the age- 

and gender-related differences in physiological and neurophysiological changes 

during prolonged exposure to cold and darkness related to winter. The association 

of TBG with complex task performance implies TBG being a surrogate for T4 

either in circulation or at the CNS level. 

The results of the present study can be utilised to prevent the changes in MT 

and thyroid hormone levels as well as mood associated with winter and 

subsequently to improve/maintain psychological working ability and to increase 

occupational safety. The results can be utilised in protecting the population living 

in circumpolar areas, especially in agriculture, construction work, mining and 

research as well as in recreational activities (hiking, winter sports). 

Further research is needed where the associations between the type of cold 

exposure, endocrinological changes and psychological measures are analysed in 

parallel with each other. The arousal hypothesis could be tested by inducing 

arousal (i.e. increasing catecholamine and cortisol levels) by other means than the 

acute cold exposure used in the present study. In addition, the possible different 

effects of acute stress on controlled and automated processing needs further 

research. These models should also aim at taking into consideration the effects of 

individual characteristics. 
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