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Thermoregulation and Metabolism
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 Introduction

Studies performed in animals have demonstrated that ther-
moregulatory responses are abolished during rapid eye 
movement (REM) sleep. In cats, Parmeggiani and Rabini [1] 
demonstrated that the body temperature change was not cor-
related with environmental temperatures in REM sleep—in 
contrast to the situation during non-REM (NREM) sleep. 
Similar results were obtained in kangaroo rats [2] and other 
mammals. These results suggest that a poikilothermic state 
operates during REM sleep—probably due to a transient, 
reversible inactivation of the central controller [3]. These 
observations led to several conclusions: (i) sleep and body 
thermoregulation are closely linked, (ii) the two processes 
interact, and (iii) REM sleep is characterized by a conflict 
between sleep needs and the maintenance of body homeo-
thermia. As a result, partial or total REM sleep deprivation 
can be observed in animals sleeping in a cold or in a hot 
environment.

This functional conflict raises the question of whether 
thermoregulation during REM sleep is efficient in humans 
sleeping in a cool or warm environment. This question is of 
particular interest because of the longer duration of the REM 
episodes. This question was first addressed in adults and 
soon after in neonates. However, to the best of our knowl-
edge, it has never been analyzed in older infants or adoles-
cents. The studies performed in adults showed that in 
contrast to non-human mammals, thermoregulatory pro-
cesses in REM sleep were depressed (but not abolished) in 
both cold [4] and warm environments [5].

This question is also of importance for the well-being of 
neonates, older babies, and infants when considering the 
paramount importance of sleep quantity and quality in neu-
rodevelopment and good health in these more vulnerable 
populations. In the neonate, impaired thermoregulation dur-

ing long episodes of REM sleep (lasting up to 1 hr) might be 
very harmful, since they can expose the child to significant, 
rapid heat exchanges with the environment at a time when 
the body’s thermoregulatory capabilities are not fully effi-
cient. This also represents a challenge for babies and older 
infants, even though the latter’s thermoregulatory systems 
are more efficient. It is difficult to extrapolate the results 
obtained in adults to neonates or infants. Along with the dif-
ference in neural development, sleep and thermoregulation 
processes and rhythms develop progressively at these ages. 
In particular, there are marked differences between active 
sleep in neonates and REM sleep in adults. Moreover, 
because of the polyphasic nature of sleep (3- to 4-h sleep- 
wake cycles spread out across the 24-h period in neonates or 
with 1 or 2 daytime naps in babies and preschool infants), a 
single, long-lasting nighttime sleep period is not present yet, 
so that circadian processes and sleep pressure may act differ-
ently on sleep onset and maintenance than in adults.

This chapter reviews the functional interactions between 
sleep and thermoregulatory processes in neonates and 
infants, together with the implications of these interactions: 
thermoregulatory responses can differ according to the sleep 
stage, and sleep can be deteriorated or improved by a non- 
thermoneutral environment or by the manipulation of body 
temperatures.

 Thermoregulation in Neonates and Infants

 Basic Principles

Like adult humans, neonates and infants are homeotherms; 
they can maintain a constant body temperature despite 
changes in the surrounding environment. Homeothermia is 
achieved when the sum of metabolic heat production and 
heat loss from the body to the environment is nil.

Homeothermic organisms are able to control heat trans-
fers and heat production through autonomic and behavioral 
responses in which the central nervous system has a leading 
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role. The processes underlying these responses are not elic-
ited in a specific range of air temperatures defined as the 
thermoneutral range, within which the body temperature 
(usually measured as the rectal temperature) is kept between 
36.5 °C and 37.5 °C by merely changing the peripheral skin 
blood flow, and the metabolic heat production is minimal. In 
the adult, the thermoneutral range is defined by a narrow 
range of air temperatures (1–2 °C) and is also representative 
of the level of thermal comfort. In neonates, this temperature 
zone corresponds to optimal nursing conditions for vital 
functions and body growth. In premature neonates, the ther-
moneutral zone is narrower still; indeed, in very-low-birth- 
weight neonates, the width of the thermoneutral zone could 
be less than a single °C [6]. In infants, there is evidence that 
a narrow thermoneutral range is associated with delayed 
development of the central nervous system [7]. In neonates 
aged 3 months or less, the critical lower boundary of the ther-
moneutral zone varies greatly from one individual to another, 
and this variability is greater at the age of 3 months [8].

Above the upper boundary of the thermoneutral zone and 
below the latter’s lower boundary, thermoregulatory pro-
cesses are the only means of preventing body temperature 
changes. Although several hypotheses for the functioning of 
the thermoregulatory system have been put forward [9], most 
models are based on the fact that internal and peripheral 
warm and cold receptors transmit afferent information to a 
central controller, which integrates the information and trig-
gers thermal responses by effectors through efferent signals. 
The central controller (though to be mainly located in the 
preoptic area and anterior hypothalamus) has a major role in 
both sleep regulation and thermoregulation; consequently, it 
is especially involved in the functional interaction between 
the two [for a review, see 10]. Neuronal activity of the warm- 
sensitive neurons in the preoptic area and anterior hypothala-
mus increases at sleep onset and decreases prior to awakening 
and during wakefulness [11]. Changes in skin or core tem-
perature modulate the firing rate of these warm-sensitive 
neurons. Boulant and Hardy [12] have shown that skin tem-
peratures have a strong impact on the activity of warm- 
sensitive neurons; this might be a sleep-promoting signal.

The models of thermoregulation are adapted from control 
system theory and are based on hypothalamic sensitivity and 
the concept of a reference value (i.e., a set-point value). The 
central controller might asses the difference (signal error) 
between the set point and the controlled temperature levels 
measured by thermal sensors, in a negative feedback process. 
The most widely accepted model was developed by Hammel 
et al. [13]. According to these researchers, the set-point value 
can be adjusted as a function of several factors, including 
skin temperature levels, alertness, circadian rhythms, sleep, 
and fever. Thermal responses (changes in vasomotor tone, 
shivering, non-shivering thermogenesis, sweating as 
described below) are mediated according to the sign of the 

signal error, in order to keep the controlled temperature 
within a narrow range. The intensity of these responses 
(defined as a gain, i.e., the slope of the relationship between 
the thermal response and the controlled temperature) can be 
constant, since the responsiveness of the hypothalamic struc-
tures is only modified when changes in skin temperature 
reset the set-point value. Other studies describe the central 
controller’s contribution as an increase in the gain of the 
thermoregulatory function in response to skin temperature 
signals, without any change in the set-point temperature [5, 
14, 15]. Although the validity of these various concepts of 
thermoregulation control is still subject to debate, they do 
explain a lot of observations.

As temperatures are not regulated uniformly from one 
body region to another, the concept of a single, regulated 
temperature of 36.5–37.5  °C remains questionable. This 
uniform temperature is not the overall body temperature. The 
body can be divided into two parts: a core including organs 
such as the lungs, heart, abdominal organs and brain (whose 
temperature is almost constant at between 36.5 and 37.5 °C) 
and a peripheral “shell” corresponding to skin layers (whose 
temperature is highly variable). In the adults, the skin can be 
divided into “hot” regions (above 36.5 °C) where the large 
arteries are close to the surface (such as the cheeks and the 
inguinal region), “warm” regions (above 33.5 °C, the skin of 
the limbs), and “cold” regions (below 33.5 °C, such as the 
extremities). Indeed, blood flow is controlled and regulated 
differentially in each body region. In preterm neonates (post-
natal age: 28 days; body mass: 2300 g) nursed at thermoneu-
trality in a closed incubator, the regional thermal profile is 
less heterogeneous than in the adults. The highest skin tem-
peratures are measured at the nape of the neck (37.05 °C), 
whereas the lowest values are recorded over the upper arms 
and feet (35.53 and 35.54 °C, respectively) [16]. The thermo-
regulatory system’s output results from the spatial integra-
tion of these various temperatures. Although this thermal 
heterogeneity generates variations in the afferent nervous 
information sent to the central controller, most models con-
sider that the core or internal temperature (measured as the 
rectal, esophageal, axillary, or tympanic temperature) is the 
sole controlled variable.

In contrast to children and adults, neonates are particu-
larly at risk of thermal stress. They have less efficient ther-
moregulatory responses, and relatively greater body heat 
losses to the environment—notably as a result of a high 
surface- area-to-body-volume ratio (0.8, 0.6 and 0.2 cm−1 in 
premature neonates, term neonates, and children weighing 
20 kg, respectively) [17]. Neonates have less insulation from 
subcutaneous tissue, which increases thermal conductance 
and constitutes a further disadvantage when faced with cold. 
Moreover, the convective and evaporative heat transfer coef-
ficients in neonates are greater than those in adults (promot-
ing heat loss), as a result of the strong curvature of the body 
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segments. The more immature the neonate, the larger the 
body heat losses. Comparing two mannequins representing 
small neonates of 900 and 1800  g, Elabbassi et  al. [18] 
showed that the overall dry heat loss by convection, conduc-
tion, and radiation was 20.4% higher for the smaller 
mannequin.

Hence, neonates can become rapidly hypothermic; in 
addition to their disadvantageous physical characteristics, 
their thermoregulatory processes are not fully efficient and 
the energy available for maintaining body temperature is 
limited—increasing morbidity and mortality rates.

 Thermoregulatory Parameters and Sleep Stage 
Effects in the Thermoneutral Range

The thermal responses controlled by hypothalamic structures 
differ from one sleep stage to another. This can be observed 
even within the thermoneutral range.

Oxygen consumption is greater in REM sleep than in 
NREM sleep in full-term neonates—at least during the first 
week of life [19–21], at 2 or 3  weeks of age [22], and 
3–4 months of age [8, 23]. The situation for preterm neo-
nates is subject to more debate, since the sleep stage differ-
ence in oxygen consumption was not always statistically 
significant—perhaps because the babies were more prema-
ture (33–35  weeks of gestation, studied between 3 and 
17 days of age) [24].

In full-term babies aged 5 hr. to 7 days, skin blood flow 
(measured at the forehead) is greater (by 28%) during REM 
sleep than during NREM sleep (scored using behavioral cri-
teria); this results (at least in part) from greater autonomic 
nervous system activity during REM sleep [25]. In full-term 
3-day-old neonates, overall body heat loss was found to be 
greater during REM sleep; however, water loss did not differ 
significantly, except when specifically considering the transi-
tion from NREM sleep to REM sleep (it was higher in REM 
sleep) [20].

In a study of infants aged 2–26 weeks, nighttime body 
temperature patterns showed periodic ultradian oscilla-
tions with a period of approximately 1 hour; these oscilla-
tions might reflect alternating REM and NREM sleep stages 
[26]. The esophageal temperature is higher during REM 
sleep in preterm neonates reaching term [27]. A significant 
decrease in rectal temperature had already been observed 
during the REM-NREM transition in full-term neonates but 
not in preterm neonates reaching term [28]. With a larger 
sample size, the same group of researchers evidenced sleep 
stage differences in rectal and skin temperatures in both pre-
term and full-term neonates [29]. Richard [30] observed that 
the increase in axillary temperature due to mother–infant 
bed-sharing was mostly restricted to NREM sleep, and fur-
ther suggested an explanation based on infant homeostasis, 

rather than passive body heating by mother heat-flux. In the 
study by Ammari et al. [31], however, skin temperatures and 
thermal gradients were similar in REM and NREM sleep 
stages.

Body temperature patterns during a given episode of 
sleep also differ from one sleep stage to another. During 
NREM sleep, the esophageal temperature and the mean skin 
temperature both decrease over the course of the episode. In 
contrast, both temperatures increase significantly during 
REM sleep episodes. Oxygen uptake decreases during epi-
sodes of REM sleep but only when the latter is followed by 
an episode of NREM sleep [27]. This explains why the direc-
tion of the sleep state change (i.e., REM to NREM, or vice 
versa) may be relevant, and might explain also the discrepan-
cies reported in the literature. The direction of the sleep state 
change has rarely been studied, however.

In preterm and term neonates, the variability of all the 
following thermoregulatory parameters is always greater in 
REM sleep: rectal but not skin thoracic temperatures [29], 
forehead blood flow [25], respiratory rate [32], metabolic 
activity [19]). This results from the predominant parasympa-
thetic activity during NREM sleep (during REM sleep, para-
sympathetic activity decreases and sympathetic activity 
increases) [33].

 Physiological Adjustments to Cold, and Sleep 
Stage Effects

When exposed to a cold environment, peripheral vasocon-
striction occurs first, and directs venous blood from the 
peripheral skin layers to the deeper venous network. This 
process (which takes place within a few minutes) increases 
the insulating value of peripheral tissues, increases the 
internal- to-skin temperature difference, and decreases body 
heat losses (by convection, radiation, and conduction) to the 
surroundings. Distal skin regions contain arteriovenous 
anastomoses, which are primarily innervated by the sympa-
thetic nervous system. As a result, vasoconstriction is more 
pronounced at the extremities than on the trunk; hence, the 
distal-to-proximal skin temperature gradient (DPG) 
increases. This difference is often considered to be an early 
marker of thermal stress [34, 35]. Lindqvist et al. [36] have 
observed that in neonates, vasomotricity is controlled more 
by the sympathetic system than by the parasympathetic 
system.

Brück et al. [37] reported that the thermoregulatory mod-
ulation of vascular tone is mature and functional in full-term 
neonates. In preterm neonates (weight <1000 g), this control 
is absent at birth but develops over the following 2–3 days 
[38]. However, there is evidence to show that the peripheral 
vasomotor responses of very premature infants are impaired 
during the first few hours after birth [39, 40], even though 
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their arteriovenous anastomoses are functional [41]. Knobel 
et  al. [40] pointed out that hypothermic small neonates 
(weighing 800 g) did not exhibit peripheral vasoconstriction 
during the first 12 hours of life. Taking into account Lyon 
et  al.’s report [38] that peripheral vasoconstriction only 
occurred in neonates aged over 5  days, Knobel et  al. [40] 
assumed that the increase in peripheral vasoconstriction 
capacity as a function of postnatal age was due to neuronal 
maturation. However, it has been observed that peripheral 
vasoconstriction can occur in body extremities (the hand, 
foot, and calf regions) in premature and term neonates [42]. 
Berg et  al. showed that a fall in the air temperature of 
4.5–8 °C decreased the peripheral blood flow by 36% [42]. 
In neonates with a gestational age of 33–36 weeks, periph-
eral vasoconstriction in the foot was combined with a release 
of vasomotor tone on the trunk [43], which limited the effi-
ciency of this mechanism in response to cold exposure. The 
heat loss response to cold stress is age-dependent, since the 
rate of blood flow in the arteriovenous anastomoses begins to 
decrease during childhood [41]. Several studies have shown 
that in the cold, cutaneous vasoconstriction is greater in pre-
pubertal infants than in adults [44–46]. A similar finding was 
reported by Tsuzuki et al. [47], who showed that the local 
skin temperatures at the hands and feet were greater in chil-
dren (aged 15 months to 3 years) than in the mothers (aged 
29 to 40 years), as a result of greater vasoconstriction.

Although the initial thermoregulatory response to cool 
exposure is peripheral skin vasoconstriction, there are few 
data on the effects of sleep stage on this process in a cool 
environment.

In a second response to cold exposure, metabolic heat 
production is increased through non-shivering thermogene-
sis (NST). This metabolism thermal response mainly 
involves the brown adipose tissue (BAT). However, organs 
such as the liver or the brain (due to their high metabolic heat 
production) and tissues such as white adipose tissue also 
contribute to metabolic heat production. Given its large mass 
and relatively high oxygen consumption, the brain can warm 
the body. White adipose tissue not only provides free fatty 
acids to organs involved in thermogenesis but also produces 
heat directly. The metabolism in BAT is controlled by sym-
pathetic innervations, and this tissue can produce a signifi-
cant amount of heat. Most of the BAT is located in the 
thoracic, cervical, and paravertebral regions. The tissue’s 
location and ample blood supply mean that the generated 
heat warms the spinal cord, the heart, and the thorax as a 
whole—making it possible to increase cold resistance. At 
between 22 and 29 weeks of gestation, the BAT constitutes 
the majority of the neonate’s fat stores. At birth, a neonate 
weighing 3000 g has 40 g of BAT (about 11% of the body’s 
fat). However, the amount of BAT increases by a factor of 1.5 
between the third and fifth weeks of life. Clarke et al. [48] 
have demonstrated that lambs delivered by cesarean section 

had a lower level of thermogenic activity (by 50%) in the 
BAT than those born vaginally; the level was similar to that 
of a fetus after 145  days of gestation. This was probably 
because the postpartum level of guanosine 5′-diphosphate 
(GDP) did not rise in these animals. Recent studies have sug-
gested that BAT may have a key role in sleep promotion, and 
that this organ may be influenced by the interaction between 
sleep and body temperature [49].

Heat can also be generated through shivering thermo-
genesis. This thermal response to cold exposure appears pro-
gressively with age, and does not exist in the neonate—except 
when cold exposure is very strong [50]. Classically, shiver-
ing is induced by the cooling of the skin. However, a drop in 
the internal temperature drop can also induce shivering ther-
mogenesis, even when the skin temperature is normal or 
elevated. Shivering thermogenesis involves two pathways. 
The first is muscle activity; this consists of rapid rhythmic, 
muscle contractions, starting in the scapular region. 
Synchronization with the antagonistic muscles makes it pos-
sible to combine the shivering with body movements. In neo-
nates, shivering cannot be the major process in heat 
production, since the skeletal muscle system is not mature. 
The second pathway results from a transfer of energy chemi-
cal processes related to the stimulation of cellular metabo-
lism by sympathetic activation and thyroid hormones.

As reported by several researchers [44, 45], metabolic 
heat production in response to cold exposure is greater in 
prepubertal infants than in adults. Combined with more effi-
cient peripheral vasoconstriction, children can maintain sim-
ilar [45] or higher body temperatures [44] than adults.

When exposed to a cool environment (an air temperature 
3–5 °C below thermoneutrality), metabolic heat production 
increases in both 1-week- and 3-month-old infants [8]. Even 
premature infants (33–35 weeks old) were able to increase 
their oxygen consumption in all sleep stages [24]. All the 
literature data argue in favor of active, efficient thermoregu-
lation during REM sleep in neonates.

Although the metabolic response to cooling varies widely 
from one neonate to another, it is usually assumed to be more 
intense during REM sleep than during NREM sleep in full- 
term neonates from the first week of life [20, 51] until the age 
of 3 months [8]. However, this difference is subject to debate 
[19, 24].

Since the thermal response during REM sleep is at least 
equivalent to (or more intense than) that recorded during 
NREM sleep, the sleep-stage-specific differences in oxygen 
consumption as observed at thermoneutrality are increased 
on cool exposure [52].

When the cool thermal load was prolonged (75 hr., ther-
moneutrality—2 °C, at 37 weeks of postconceptional age), 
the esophageal temperature difference between REM and 
NREM sleep disappeared, whereas oxygen consumption 
increased less in REM sleep (by 20%) than in NREM sleep 
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(by 33%); furthermore, the inter-sleep stage difference was 
no longer present at the end of the cool exposure [53].

In individual neonates, we observed a negative correla-
tion between oxygen consumption on the one hand and the 
esophageal and skin temperatures on the other hand when 
exposed to cool challenge [22]. In 5 of the 9 neonates, the 
metabolism increased when body temperatures decreased—
demonstrating that closed-loop regulation (suggestive of a 
classical non-shivering thermogenesis response) is fully 
operative during REM sleep. Unfortunately, the small num-
ber of NREM sleep episodes prevented us from directly 
assessing this relationship in NREM sleep and thus probing 
potential sleep stage differences in the regression line’s 
slope (the gain of the response) and the intercept (the set 
point) [22].

 Physiological Adjustments to Heat, and Sleep 
Stage Effects

In warm environments, the main heat loss responses are the 
release of the skin vasomotor tone and evaporative skin cool-
ing (due to sweating).

There are few published data on the changes in peripheral 
blood flow in premature and low-birth-weight neonates 
exposed to hot environments—partly because the latter are 
less frequently encountered than cool conditions in nursing 
care. Likewise, sleep-stage effects on these responses have 
not—to the best of our knowledge—been analyzed in older 
infants. It is commonly accepted that the skin blood flow 
response to a rise in body temperature decreases with age 
[54, 55]. The higher peripheral blood flow and reduced car-
diac output observed in young infants [56] increase the car-
diovascular strain during heat exposure.

For preterm neonates, the heat loss by evaporation occurs 
by transcutaneous water loss. The skin is highly permeable 
because the epidermal barrier to water diffusion has not fully 
developed.

Active thermal sweating does not operate in the neonate 
before 37  weeks of gestational age [57], except when the 
body temperature is very high (i.e., rectal temperature 
˃37.9 °C [58]. In mature neonates, thermal sweating occurs 
successively on the forehead, trunk, and limbs. Foster et al. 
[59] found that (i) the sweat gland density is higher in neo-
nates than in adults but (ii) the maximum sweat output per 
gland in the neonate after intradermal injection of acetylcho-
line is only one-third that found in the adult. Likewise, the 
sweating rate response in prepubertal children is lower than 
in adults, despite a higher sweat gland density [60] and inde-
pendently of the gender [61]. Lower sweating rates with age-
ing are mainly attributed to a decrease in sweat output per 
gland [62] and/or a higher threshold for sweating onset [63]. 
However, a possible age-related decrease in the hypotha-

lamic set-point temperature for sweating (i.e., from prema-
ture infants to adults) cannot be ruled out [64].

When measuring water loss in neonates, it is difficult to 
discriminate between transcutaneous water loss and active 
sweating; this is especially problematic in preterm neonates. 
In a closed incubator, Okken et al. [65] reported a water loss 
rate of 1.04 ± 0.24 mL.kg−1.hr.−1 for preterm neonates (body 
mass: 1520  g; gestational age: 31  weeks; postnatal age 
13 days) nursed under thermoneutral conditions. This water 
loss can lead to hypothermia and dehydration if appropriate 
preventive measures are not taken. Transcutaneous water 
loss decreases with postnatal age, as a consequence of the 
increase in the keratin content of the epidermis stratum cor-
neum [66]. Thus, Wu et al. [67] showed that insensible water 
loss through the skin and respiratory tract in premature neo-
nates can be four times that measured in term neonates. An 
old study performed on children aged from 5  months to 
4 years found that the sweat rate was higher at sleep onset 
than during wakefulness [68]. Unfortunately, this work did 
not include a sleep stage analysis. Some recent studies [20] 
(but not others [8, 22]) have found a sleep stage effect on 
water loss at thermoneutrality.

In a slightly warm environment (thermoneutrality +2 °C, 
+0.23 °C for the esophageal temperature, and + 0.33 °C for 
the skin temperature), evaporative skin water loss in preterm 
neonates increased significantly (+66%) but there were no 
sleep state differences. Individual positive regressions 
between water loss and esophageal and skin temperatures 
measured during REM sleep episodes suggested that con-
trolled, active process were operating—in line with what was 
observed in a cool environment [22].

Despite the differences in the thermoregulatory responses 
observed between adults and prepubertal infants, the respec-
tive body temperatures do not differ when they are exposed 
to heat stress [69, 70].

 Behavioral Thermoregulation

As with autonomic regulation, behavioral regulation keeps 
the body temperature as constant as possible by acting on the 
external environment through various strategies. These 
involve the motor system and the creation of a microenviron-
ment that protects the organism against fluctuations in the 
external thermal environment (i.e., avoidance reactions). 
Behavioral regulation precedes autonomic regulation and 
can be considered as an anticipatory avoidance reaction trig-
gered by the peripheral perception of thermal stress. Indeed, 
behavioral regulation requires peripheral and internal tem-
perature sensitivities and a central nervous component that 
partly overlaps with the autonomic regulation pathway. The 
motor effectors are different, however, and are stimulated via 
corticospinal and mesencephalic pathways. The 
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 mesencephalon is significantly involved in avoidance reac-
tions. Thus, neonates can increase thermogenesis through 
muscle activity [22]. Body movements can also reflect dis-
comfort upon cool exposure, interrupt sleep continuity, and 
induce sleep stage changes or awakenings. As expected, 
body activity increases when preterm neonates are exposed 
to a cool environment [71]; this often leads to the infant wak-
ing up [8]. Increased body activity is more pronounced in 1- 
to 3-month- old full-term babies than in younger ones, 
whatever the sleep stage [8, 51]. In preterm neonates, we 
have observed concomitant increases in the frequency and 
mean duration of body movements but only during REM 
sleep, which is already characterized at thermoneutrality by 
greater durations and frequencies of body movement. Four 
of the 9 neonates exhibited a positive individual correlation 
between oxygen consumption and internal temperature (but 
not skin temperature), which reflected greater body move-
ments while sleeping in response to a lower internal tem-
perature [22]. It is not clear how effective this process really 
is because the motor system is not well developed [72], and 
some studies have not observed this increase in body move-
ment in response to cold [73].

When faced with cold or heat challenges, neonates can 
assume postures that change the skin surface area exchang-
ing heat with the environment. Harpin et  al. [58] showed 
that neonates were less active and adopted a relaxed 
“spread- eagle” position when exposed to a hot environment 
(an incubator air temperature of up to 39.9 °C). This behav-
ioral thermoregulatory response is also observed in some 
immature infants (˃30 weeks of gestational age). Using a 
mannequin representing a neonate with a weight of 3300 g 
and a surface area of 0.23 m−2, Wheldon et al. [74] showed 
that the skin surface area for heat exchange increased from 
0.48 for a fetal position (as observed in cold conditions) to 
0.57 for a relaxed position and 0.76 for a spread-eagle posi-
tion. The heat transfer coefficient for convective heat 
exchanges (promoting radiant and convective heat losses 
with the environment) respectively increased from 4.0 to 
5.4 W.m−2.h−1.

With the exception of neonates nursed naked in an incu-
bator (i.e., neonates requiring a highly controlled environ-
ment), clothing insulation is also a relevant component of 
behavioral thermoregulation. More mature infants usually 
sleep clothed, which considerably reduces heat loss but can 
increase the risk of body overheating. In sleeping adults 
wearing pajamas and covered by two cotton sheets and a 
single woolen blanket, Candas et al. [75] showed that the air 
temperature of the microclimate inside the bed was respec-
tively 28.6, 29.6, and 29.7 °C for room temperatures of 16, 
19, and 22 °C. The creation of an approximately thermoneu-
tral microenvironment in the bed helps to protect the sleep 
stage structure [76].

 Sleep Is Influenced by Non-thermoneutral 
Conditions

The impact of non-thermoneutral conditions on sleep has 
mainly been studied in neonates or older babies, given their 
greater vulnerability (especially regarding thermoregula-
tion), the relevance of sleep for neurodevelopment, the risk 
of sudden infant death syndrome, and their relative inability 
to alert their parents when ambient conditions are harmful.

 Sleeping in a Cool Environment

Although the disruption or continuation of the sleep cycle in 
neonates cannot strictly be described as an alternation 
between a homeothermic state and a poikilothermic state (in 
contrast to what is observed in adult animals and, partly, 
adult humans), sleep can be disturbed by cool exposure even 
when the latter does not elicit thermal responses.

The first impact concerns sleep duration and continuity. 
Cold exposure (by as much as 4 °C below thermoneutrality) 
increases the frequency of awakening in preterm neonates 
[43, 77]. Similarly, moderate cool challenges (1.5 °C below 
thermoneutrality) reduced the total sleep time (by a 
mean ± standard deviation of 20 ± 44 min) and the longest 
sustained sleep period, and increased intrasleep wakefulness 
[78]. These modifications were observed even though ther-
moregulation was only slightly elicited (vasodilation only, 
evidenced by a greater internal vs. skin temperature differ-
ence and no increase in oxygen consumption). Final sponta-
neous awakening was earlier (by 21 ± 41 min), and intrasleep 
wakefulness was longer [27].

Older infants (3- and 4-month-old) also woke up earlier 
when lightly clad in cool rooms, though their body tempera-
tures were not low [8, 79]. However, 14-week-old Finnish 
infants slept longer (with an increase of 92 min during the 
daytime nap, as defined by behavioral criteria) outdoors in 
northern winter conditions (air temperature between −25.9 
and 2.2 °C) than indoors (20.5–26.7 °C). Despite this obser-
vation, outdoor sleeping duration was shortened when the 
skin temperature cooling rate (but not the mean, maximal, or 
minimal value of any skin temperature) was large or when 
the outdoor air temperature was low. This apparent contra-
diction could be explained by the clothing and sleeping bag 
used in the prams, which restrained the infants’ movements. 
The researchers suggested that outdoor sleeping makes it 
possible to sleep swaddled without overheating. They con-
cluded that sleeping outdoors is beneficial as long as the skin 
temperatures do not fall too much [80], in line with the stud-
ies cited below.

As regards sleep architecture, NREM sleep appears to 
be particularly sensitive to cool thermal stress; indeed, the 
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latter can induce partial or even total NREM sleep depriva-
tion [51]. Cool exposure reduces the total duration of NREM 
sleep and increases the total duration of REM sleep in full- 
term neonates [8, 51] and preterm neonates [22, 27, 78, 81–
84]. In preterm neonates, NREM sleep episodes are less 
frequent, and the longest NREM sleep episode is shorter [82, 
84]. Preferential switching from NREM sleep to REM sleep 
is observed [78]. Thus, neonates exposed to cool environ-
ment favor REM; this leads to greater expenditure of meta-
bolic energy for thermoregulatory needs rather than energy 
conservation (which would be greater during NREM sleep 
but might compromise body homeothermia). This pattern is 
even observed for low-magnitude thermal stress.

Decrease of the ambient temperature or the core body 
temperature is associated with a greater amount of REM 
sleep [8, 22], which decreases the NREM/REM sleep ratio 
and/or the number of transitions from NREM sleep to REM 
sleep [19]. REM sleep episodes were more frequent but less 
frequently followed by an NREM sleep episode, and more 
frequently followed by wakefulness [27, 78]. It is notewor-
thy that the effects of cold exposure on REM sleep episodes 
differ according to an episode’s outcome: REM sleep epi-
sodes followed by NREM sleep were shortened (by 
17 ± 28 min, on average) and less frequent, whereas REM 
sleep episodes followed by wakefulness were lengthened. 
The outcome of REM sleep in neonates is not related to a 
specific body temperature value at the time of the sleep stage 
transition. In contrast, a low esophageal temperature at the 
beginning of the REM sleep episode and/or a progressive 
rise in this temperature enhance the transition towards wake-
fulness [27].

This switching from NREM sleep to REM sleep is rele-
vant from a thermoregulatory viewpoint. Interestingly, neo-
nates exhibiting the greatest increase (by 41%) in metabolic 
heat production during NREM sleep did not switch into 
REM sleep [51]. Moreover, the modification of NREM sleep 
and REM sleep was less frequent in 3-month-old infants 
because most of them woke briefly at the beginning of the 
cooling procedure [8]. Consistently, the shorter NREM sleep 
episodes [51] and the longer REM sleep episodes observed 
in 1-week-old, full-term neonates [8] were not statistically 
significant in 3-week-old preterm neonates [27].

In another study, a 5  °C difference in the incubator air 
temperature between daytime and nighttime did not lead to 
sleep disturbances; however, this might have been due to a 
nycthemeral effect blunting the temperature effect and/or a 
small sample size [85].

During chronic cool exposure (75 hr., 2 °C below ther-
moneutrality, 37 weeks postconceptional age), the neonates’ 
sleep structure and duration did not improve (and continued 
to deteriorate, in fact) after thermal adaptation (as inferred by 
greater metabolic heat production during the last exposure 
than during the first cool exposure) [53]. Hence, protective 

mechanisms for maintaining body temperature do not inter-
act with sleep mechanisms—in contrast to the situation in 
adults [86].

 Sleeping in a Warm Environment

A warm environment (thermoneutrality +2 °C, +0.23 °C for 
esophageal temperature, and + 0.33 °C for skin temperature) 
did not induce any sleep differences in full-term neonates 
aged 2 or 3 weeks, although the sweating rate was increased 
(by 66%). Only the body movement frequency fell [22]. 
Franco et  al. [87] did not observe any sleep differences 
between 11-week-old term infants sleeping at 28  °C and 
those sleeping at 24 °C, despite some intergroup differences 
in the body temperature pattern. Likewise, Brück et al. [81] 
did not observe any sleep modifications.

In a study performed in an earthquake shelter, school chil-
dren (mean age: 11 years) claimed that heat was the most 
frequent cause of sleep disturbances. However, it is difficult 
to determine whether sleep disturbances (as assessed by 
actigraphy) are due to thermal discomfort and/or a sweaty 
feeling, rather than other factors (noise, stress, etc.) [88].

 Impacts of Thermal Transients on Sleep

Neonates nursed in a closed incubator are often exposed to 
transient air temperature changes when the incubator door is 
opened or during a thermal overshoot after the door is closed. 
A decrease in the air temperature (from 24–27 °C to 18–21 °C 
over a 20 min period) during an episode of NREM sleep pro-
motes the transition to REM sleep. This switch to a sleep 
stage associated with higher oxygen consumption was not 
observed when the latter had increased greatly during the 
preceding NREM sleep episode. When the air temperature 
decreased during an REM sleep episode, half of the neonates 
did not enter NREM sleep [51]. Few of the older (3-month- 
old) infants remained in the same sleep stage before and after 
transient cool exposure [8].

During progressive cooling, the REM sleep/NREM sleep 
ratio decreased in preterm neonates but increased in full- 
term neonates. Conversely, during a heating transient, the 
REM sleep/NREM sleep ratio decreased [89].

 Sleeping at Thermoneutrality

The above-mentioned studies observed sleep disturbances in 
a non-thermoneutral environment. Sleep disturbances are 
observed as soon as (or sometimes even before) thermoregu-
latory processes are solicited. Indeed, sleep appears to be 
more sensitive to thermal stress than thermoregulatory 
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parameters are. Kapas and Szentirmai [49] suggested that 
sleep duration is optimal when the organism does not need to 
invoke functions that require wakefulness. Thermoregulation 
is one of these functions, along with other activities related 
to energy metabolism (feeding, muscle activity, etc.). On the 
basis of studies of animals and adult humans, one can con-
clude that (i) sleep in general and REM sleep in particular are 
optimal within the thermoneutral range, and (ii) the REM 
sleep duration could be considered as a marker for thermo-
neutrality. In neonates, NREM sleep appears to be the most 
sensitive sleep stage, and is be reduced by exposure to a non- 
thermoneutral environment [27].

It has been observed that adults regulate sleep in phase 
with the circadian body temperature rhythm. Sleep occurs 
during the period where the core temperature is relatively 
low. In particular, increased sleepiness and habitual sleep 
onset occur when the core temperature is decreasing. 
Conversely, the likelihood of awakening increases as the 
core temperature increases in the morning. Distal (foot and 
hand) skin temperatures vary in the opposite way to the core 
temperature.

In 1938, Magnussen (cited in [90]) suggested that vegeta-
tive sleep preparedness starts around 100 min before sleep 
onset. The first step is skin vasodilation; this is particularly 
pronounced on the distal regions with the greatest vaso-
motricity (due to arteriovenous anastomoses [for a review, 
see 91]), which increases the heat losses to the environment 
and thus decreases the core body temperature. Bedtime and 
sleep onset usually occur just after or close to the most rapid 
decline in core temperature. However, the core body tem-
perature decrease is probably a consequence of the distal 
skin heat loss, which initiates sleep per se [92]. In mechanis-
tic terms, it is hypothesized that increased distal skin tem-
perature stimulates the discharge of warm-sensitive neurons 
in the preoptic area and anterior hypothalamus. This induces 
a downwards shift of the set-point value for the vasomotor 
tone, and thus facilitates and improves sleep. Among various 
candidates (the core body temperature, the melatonin level, 
the heart rate, the subjective sleepiness rating…), the DPG (a 
marker of the vasomotor tone) is the best predictor of sleep 
onset [93].

As a result, many changes (including sympathovagal 
changes) occur at least 30  min before sleep onset [94]). 
These changes are linked to sleep per se (rather than to 
lights-off) and have a role in initiating sleep.

Interestingly, the relationship between simultaneous 
changes in sleep propensity and body temperature rhythms is 
causal relationship. Several studies in adults have shown that 
experimentally induced distal vasodilation promotes sleep 
(see below). This raises the question of whether the causal 
relationship also operates during development in infants, 
whose sleep is polyphasic and whose circadian rhythms are 
less tightly controlled.

 Temperature Circadian Rhythm in Infants 
and Its Relationship to Sleep

Body temperature rhythm per se is one of the first circa-
dian rhythms to appear in babies. According to Bueno and 
Menna-Barreto [95] the endogenous circadian system that 
regulates body temperature may be functional as early as 
29  weeks of gestation. Longitudinal studies show that the 
temperature rhythm becomes more robust between birth and 
the age of 3 months [96], and that the rhythm at 6 months of 
age is already similar to that observed in young adults [97]. 
The rhythm increases in amplitude between 7 months and 
7 years of age, and achieves an adult-like pattern at the age 
of 7 years [98].

Discrepancies in the literature data regarding the age at 
which the circadian body temperature rhythm appears can 
be attributed to high interindividual variability and the fact 
that the emergence of circadian rhythms depends on many 
environmental parameters (light levels, hospital vs. home 
differences, etc.), care-related parameters (the feeding 
schedule, etc.) and/or the mother and baby’s characteristics 
(maturation, intra-uterine growth, prematurity, etc.) [for a 
review, see 96]. These researchers concluded that sleep and 
circadian rhythms are already coupled in infants but that 
their time course of development is not necessarily compa-
rable [96].

 Body Temperature Rhythm According to Sleep
Even though Richard [30] has suggested (on the basis of 
anthropological data) that the “normal” sleep temperature 
profile (defined here as mother-baby co-sleeping) does not 
include a large drop in core temperatures at sleep, most 
researchers have demonstrated that the core temperature is 
higher when the baby is awake and falls with sleep [99]. In a 
study of 3–4-month-old babies sleeping at home, Wailoo 
et al. [100] observed that the rectal temperature (which was 
above 37 °C before the baby was put in its cot) fell by 0.8 °C 
over the following hour. The temperature then stabilized and 
rose slightly after 5 hr. Similarly, Tsogt et al. [101] observed 
a mature, diurnal temperature change pattern in 3-month-old 
infants: a fall in core temperature and an elevated peripheral 
temperature during the night, that is, probably after sleep 
onset (although sleep was not measured). The opposite pat-
tern was observed later in the night, that is, probably before 
early awakening. This is observed by the age of 6  weeks, 
regardless of whether sleep occurs during the day or the 
night [102]. The older the baby, the greater the fall in rectal 
temperature after sleep onset [103].

In preterm infants aged 9 days, we observed similar results 
[104]. Foot and hand distal temperatures increased (by 
0.38 °C and 0.15 °C, respectively) during the 20 min before 
nocturnal sleep onset (as determined by polysomnography), 
leading to a greater DPG (by 0.52 and  +  0.30  °C/20  min, 
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respectively). During the same period, the abdominal skin 
temperature (often considered as a marker of the core body 
temperature) did not vary significantly. In contrast to older 
infants and adults, the increase in distal temperature 
stopped after sleep onset. Differences in sleep between 
neonates, older infants, and adults might account for this 
specificity; in neonates, REM sleep appears first after sleep 
onset (and is characterized by an increase in sympathetic 
tone), whereas the autonomic balance in older infants and 
adults is in favor of parasympathetic tone and thus NREM 
sleep after sleep onset.

When considering the 30  min periods before and after 
sleep onset (as assessed by actigraphy) in 4-month-old term 
babies, the distal temperatures (but not the proximal tem-
peratures) increased gradually until 10 min after sleep onset 
and then stabilized. The DPG rose by 0.075 °C/min during 
the 30 min before sleep onset. However, 7 of the 43 babies 
did not exhibit a similar pattern, and their distal temperature 
remains high for up to 45 min after sleep onset. Interestingly, 
the value of the DPG was correlated with the distal tempera-
ture rather than the proximal skin temperature—emphasiz-
ing the importance of the distal segments [91].

Abe and Kodama [91] found a lack of individual stability 
in the pre-sleep body temperature pattern in babies aged 
4–9 months. In contrast, Lodemore et al. [105] observed that 
full-term babies developed mature temperature rhythms 
(defined here as the age at which the trough rectal tempera-
ture fell below 36.6 °C during the nighttime sleep) at a mean 
age of 11.1 ± 2.5 weeks. This change occurred abruptly (over 
1 or 2 days) and was permanent—suggesting that the endog-
enous mechanism of temperature control was physiologi-
cally altered. Lodemore et al. demonstrated that the transition 
to mature temperature rhythms results from a complex inter-
action between intrinsic and extrinsic factors, including 
breast feeding, speed of weight gain, sex, and a supine sleep-
ing position. The noticeable interindividual variability in the 
time needed to achieve a mature rhythm was associated with 
the appearance of longer nighttime sleep.

It is generally assumed that because a baby’s body tem-
perature pattern does not depend on the ambient temperature 
or the thermal insulation (clothing or wrapping), it is inter-
nally driven and controlled. However, Franco et al. [87] dem-
onstrated that the rectal temperature fell more rapidly and 
reached a lower trough value when 11-week-old term babies 
slept at 24 °C, relative to 28 °C. Moreover, the mature diur-
nal temperature pattern was not found in 3-month-old babies 
with traditional Mongolian swaddling, even though this 
higher degree of thermal insulation did not induce any ther-
mal stress [101]. In contrast, Petersen et al.’s [99] study of 
12- to 22-week-old babies did not report any significant 
effect of the thermal insulation used (which was probably 
lighter than Mongolian swaddling) on the core temperature 
level and rhythm—except for the combination of a prone 

position, heavy swaddling, and a warm room. In the latter 
situation, body temperatures tended to increase more rapidly 
at the end of the night but there was no impact on morning 
awakening. Interestingly, the decrease in core temperature 
was greater in babies not fed before sleep [106].

Wrist, shin, and foot temperatures show opposite 
trends (relative to the rectal temperature) [26] and have a 
one-hour phase advance [95]: these distal skin temperatures 
increase rapidly over the first hour after sleep onset, and 
decrease during or shortly before or after awakening. In con-
trast, the skin temperature measured on the abdomen only 
rose slightly or remained stable during the first part of the 
night in 3- to 4-month-old babies [100].

The fact that a baby’s body temperature pattern is in 
phase with its placement in a cot (and presumably sleep 
onset) rather than with time of the day, suggests that circa-
dian rhythms do not have a major role at this age. However, 
a circadian influence is still present, as indicated by a 
lower fall in rectal temperature during a daytime sleep epi-
sode than during a nighttime sleep episode of similar dura-
tion [106].

 Body Temperatures and Sleep Onset
In infants (5–12 years of age), Murphy et al. [107] observed 
that a distal (calf) skin temperature and a proximal (subcla-
vicular region) skin temperature increased before bedtime. 
The distal temperature continued to increase after bedtime, 
whereas the proximal temperature began to fall slightly. In 
6- to 12-year-old infants sleeping in their natural settings, 
McCabe et al. [108] reported increases in skin temperatures 
(on the back, neck, foot, and subclavicular region but not the 
forehead) from 1 hour before the reported bedtime to 2 hours 
afterwards. The changes were greater for the distal tempera-
ture than for the others, and all the changes were reproduc-
ible from one night to another. When considering the 
temperature change around sleep onset (as assessed by actig-
raphy), the DPG (Tfeet—Tsubclavicular) started to increase 1 hour 
before sleep onset and continued to do so until 90 minutes 
after sleep onset. However, the trend for a decrease in the 
core tympanic temperature from 1 hour before bedtime (the 
first measurement) to bedtime (the second measurement) did 
not reach statistical significance but was consistent with lit-
erature data in adults. Except for the abdominal temperature, 
none of the skin temperatures significantly varied before 
morning awakening.

In a study of preschool children (mean age: 4 years) and 
their mothers, Okamoto-Mizuno et al. [109] found that prox-
imal temperatures might have a greater role than the foot dis-
tal skin temperature—probably as a result of more rapid 
redistribution of the blood to the proximal regions than to the 
distal regions at the wake-sleep transition. This discrepancy 
is unlikely to be due to age-related differences because stud-
ies performed in both younger and older populations have 
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evidenced the major role of distal temperatures in prompting 
the core temperature decline before sleep onset.

Murphy et al. [107] reported that the DPG increased (i.e., 
distal temperatures rose towards proximal temperatures) 
before and after sleep onset in 5- to 12-year-old infants. 
These researchers defined a specific criterion (DPG0°) as the 
time at which the DPG first crossed 0 °C.  In line with the 
literature data on adults, the study’s results showed that the 
shorter the time to reach DPG0°, the shorter the sleep onset 
latency. Interestingly, some of the infants in Murphy et al.’s 
study had pediatric bipolar disorder; these children displayed 
both thermoregulatory changes and sleep onset difficulties—
suggesting that thermoregulation and emotion regulation 
share some neural circuits.

In contrast to the results in adults, the value of the DPG at 
sleep onset in 4- to 9-month-old infants was not correlated 
with rapid sleep onset and could therefore not accurately pre-
dict the sleep onset latency. For example, babies with a high 
DPG (getting close to 0) did not always fall asleep quickly, 
since the sleep onset latency ranged from 4 to 68  min. 
However, Abe and Kodama [91] observed that babies with a 
DPG value that remained low over the first 15  min after 
lights off were unlikely to fall asleep rapidly (i.e., within half 
an hour).

Since there are no easily measured, reliable markers of 
sleep propensity in neonates with polyphasic sleep, we 
sought to determine sleep propensity indirectly by studying 
the duration of the wakefulness episode [110]. This duration 
was analyzed as a function of body temperatures in 9-day- 
old preterm neonates. Our results showed that the duration of 
wakefulness was significantly shorter when distal (foot, 
hand, and thigh) temperatures measured at the end of the 
wakefulness episode were high. This was not the case for 
proximal skin temperatures at any time point or for both dis-
tal and proximal skin temperatures at the beginning of the 
wakefulness episode. Therefore, sleep onset was related to 
distal skin vasodilation during the wakefulness episode. Our 
study was also the first to find that regional skin temperature 
homogeneity (measured over the entire body, including dis-
tal and proximal parts of the body) promoted sleep onset: the 
more homogeneous the skin temperatures, the shorter the 
wakefulness episode.

Another aspect is sleep maintenance. In a study of babies 
during the first 6  months of life), Lodemore et  al. [102] 
reported a negative correlation between the trough rectal 
temperature during the first 4  hours after bedtime and the 
time to first disturbance of the parents. Hence, the time to 
first disturbance was an indirect way of analyzing the dura-
tion of maintained sleep. The researchers suggested that 
body temperature and sleep rhythms were associated but 
could not determine whether the relationship was causal 
(i.e., whether temperature changes predisposed to longer 

sleep or vice versa, or whether the two rhythms matured 
simultaneously but independently).

Impacts of Thermal Manipulations Within the Circadian 
Body Temperature Range

In adults, the relationship between sleep and body tem-
perature rhythms is causal, since experimentally modifying 
the body temperature influences sleep. Interestingly, several 
studies have shown that sleep can be promoted by slight 
manipulations of the body temperatures (i.e., those produc-
ing changes that remain within the everyday circadian range). 
These manipulations are designed to induce or strengthen 
skin vasodilation (especially distal vasodilation), increase 
heat loss, and to achieve a “completely relaxed, one- 
compartment body” state (i.e., when DPG = 0 °C, i.e., disap-
pearance of the thermoregulatory shell [111] and 
homogenization of the skin temperatures, as already observed 
in preterm neonates [110]).

As a result, pre-sleep thermal manipulations capable of 
promoting distal vasodilation (a hot-water bottle [112], 
wearing a thermosuit [113], wearing socks [114], etc.) or 
nonthermal manipulations (lights off, lying down [115, 116], 
a spicy meal, physical exercise, cognitive and physical relax-
ation, etc.) were capable of (or might be capable of) increas-
ing sleepiness, reducing sleep onset latency, and improving 
sleep maintenance [10, 117] in healthy men, older adults 
with insomnia [118], and adults with narcolepsy [119]. In 
particular, it has been proven that subtle skin warming—
although perceived as slightly uncomfortable by the sub-
ject—reduces sleep onset latency [113]. Promoting pre-sleep 
relaxation and reducing anxiety when retiring for bed is also 
of value in decreasing sympathetic nervous system activity 
and, in turn, promoting skin vasodilation prior to sleep onset 
[120]. The same may hold for hypnotics (benzodiazepine 
[121] and temazepam: [122, 123]); the induced skin vasodi-
lation might contribute to the drugs’ hypnotic effects. 
Likewise, melatonin secretion is the signal that induces 
selective vasodilation in the distal skin segments [93, 124].

In a Japanese study, Nakamura Ikada et al. [125] carefully 
analyzed the temperature and humidity values in the infant’s 
bed, as well as the infant’s skin temperatures. The research-
ers found differences according to the season and the envi-
ronmental conditions (bedding, clothing, etc.). They 
recommended avoiding the use of waterproof sheets (espe-
cially during humid seasons), and bedding and coverings 
made for adults but that are not thermally appropriate for 
infants. Unfortunately, the study did not include an acti-
graphic analysis, and so the impact of these conditions on the 
infant’s sleep quality and quantity could not be assessed.

In a study that compared 4-year-old preschool children 
with their mothers, significant correlations were observed 
between sleep parameters and a proximal temperature (the 
chest) but not a distal temperature (the foot): the higher the 
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proximal temperature, the lower the amount of wakefulness 
(the total duration and the episode duration) and the mean 
activity (measured using actigraphy) and the higher the sleep 
 efficiency index. This was not observed in the mothers [109]. 
The major role of proximal temperature suggested by this study 
is not, however, in line with almost all the other studies per-
formed in infants, whatever their age. It should be noted that in 
contrast to most studies in this field, Okamoto-Mizuno et al.’s 
study was performed in the absence of thermal constraints.

In babies aged 4–9 months, Abe and Kodama [91] sug-
gested that interventions that decreased the DPG at lights off 
(e.g., a relatively low ambient temperature) could help to sta-
bilize the DPG pattern from one night to another. It has also 
been found that increasing daytime exposure to light and 
maximizing the light-dark difference within a 24-hr period 
may promote circadian entrainment (and thus sleep) in 2- to 
10-week-old babies [126]. In the same study, however, 
attempts to shorten the sleep onset latency (with lights off, 
and darkening the room during the night) did not exert a sig-
nificant effect.

Lastly, the decrease in core temperature at sleep onset was 
found to be greater in babies not fed before sleep [106]. 
Therefore, lengthening the interval between the last feed and 
bedtime might shorten sleep latency.

To the best of our knowledge, and beyond the above-cited 
observational studies, the use of deliberate thermal manipu-
lation within the circadian body temperature range (in order 
to improve sleep) has never been studied in neonates or older 
infants; this would be of great interest.

 Conclusion

In contrast to adults, the neonate’s thermoregulatory system 
is fully operative during REM sleep in both cool and warm 
conditions—at least in the range of environmental tempera-
tures usually studied. The maintenance of efficient thermo-
regulation in REM sleep protects the neonate from long 
periods of poikilothermy that would otherwise occur. This is 
of particular relevance, since REM sleep episodes can be 
long. Moreover, the thermoregulatory system not only helps 
to prevent REM sleep deprivation but also favors this sleep 
stage (i.e., preferential switching from NREM sleep to REM 
sleep, and a greater relative duration of REM sleep). As a 
result, REM sleep (of importance in neurodevelopment) 
appears to be a well-protected sleep stage.

The lack of data on thermoregulatory responses in older 
infants or adolescents prevents us from saying whether the 
transition from the neonatal thermoregulatory characteristics 
(greater efficiency, and a longer duration of REM sleep when 
exposed to a cool environment) to the adult thermoregulatory 
pattern (poor efficiency, and partial REM sleep deprivation 

in cool or warm environments) occurs at the same time as the 
transition to adult sleep characteristics and rhythms.

All the literature data indicate that distal skin vasodilation 
is part of “sleep preparedness” in infants (from preterm neo-
nates to older children)—much as is observed in adults, and 
despite the many infant vs. adult differences in sleep struc-
ture, rhythm, neural maturation, thermoregulatory function, 
and thermoregulatory centers. It is important to note that dis-
tal skin vasodilation occurs even when most of the environ-
mental and behavioral parameters that have been 
demonstrated to have a major role in the pre-sleep increase in 
vasodilation and sleepiness in adults (lying down, cognitive 
relaxation, body relaxation, reduced light intensity, etc.) can-
not fully operate in babies and preterm neonates. This obser-
vation opens up interesting perspectives for further research, 
for example, whether it would be possible to improve sleep 
through thermal or nonthermal manipulations that induce 
distal skin vasodilation.
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