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Abstract 

Due to its small body size, which in the case of prematurity is associated with increased skin permeability and incomplete 
brown fat development, the human neonate is highly prone to heat loss. Hence, thermal protection is mandatory to prevent 
neonatal hypothermia with its adverse metabolic and hemodynamic effects. This is usually attempted by the selection of 
"'thermoneutral" ambient temperatures to maintain core temperature constant without regulatory metabolic increase. Since, 
however, core temperature decreases only after metabolic increase has failed to counteract heat loss, and metabolic increase in 
its turn is preceded by peripheral vasoconstriction, recording of thermal gradients between core and peripheral temperatures 
has now proven superior in early detection of thermal stress and maintenance of thermal comfort in the neonate. The long- 
lasting thermal lability of preterm babies partly results from the fact that an elevated basal metabolic rate, which in term 
neonates compensates for the small body size, is only achieved with delay. As this is correlated to the growth retardation 
typical of prematurity, the postnatal metabolic increase is usually considered to be a precondition for growth. However, a 
comparative calorimetric investigation has revealed that in a marsupial species normally born in a very immature state, a rapid 
weight increase occurs at a low metabolic rate. Obviously, these animals retain a growth efficiency which in humans is 
confined to intrauterine life and interrupted by preterm birth. Moreover, their low Oz consumption rate is adaptive to restricted 
respiratory surface area and incomplete tissue vascularization and contributes to hypoxia tolerance. Therefore, although 
postnatal metabolic increase promotes thermal stability and weight increase in term and slightly preterm human neonates, 
metabolic reduction may be the more appropriate strategy in cases where 02 and substrate supply are limited by extreme 
immaturity. As long as the factors mediating natural metabolic suppression are unknown, careful thermal protection seems to 
be one of the most promising ways to prevent uneconomic metabolic activation in highly preterm human neonates. ~) 1998 
Elsevier Science B,V. 
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I. Introduction 

1.1. Neonatal heat balance - the impact o f  small 
body size 

The main thermoregulatory problem of the neonate 
is its small body size. Due to the small size and the 
correspondingly high surface-to-volume ratio, it is 
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Fig. 1. Relationship between specific metabolic rate and ambient 
temperature in human adults and neonates. The bars represent the 
basal and maximal ("summit") metabolic rates, and the connecting 
lines the thermoregulatory metabolic increase. The full-term 
neonate is adapted to its small body size by a higher basal 
metabolic rate and and a steeper metabolic increase than in adults. 
Modified from [1,2]. 

especially prone to heat loss. However, it is also 
adapted to this risk by an elevated metabolic rate. 
This is illustrated in Fig. l, where the specific (i.e. 
size-related) metabolic rate is plotted against ambient 
temperature: In unclothed adults, in an ambient tem- 
perature of 28°C, the basal metabolic rate of roughly 
l W kg - t  suffices to maintain heat balance ("thermo- 
neutral conditions"). As the ambient temperature 
falls, the metabolic rate increases up to a "summit" 
value of ca. 5 W kg -1, reached at near-zero tempera- 
tures. In term neonates, the specific basal metabolic 
rate is more than twice that of adults so that their 
thermoneutral temperature of 32°C is not as much 
higher than in adults as would be expected from the 
smaller body size alone. Moreover, the thermoregu- 
latory metabolic increase is steeper than in adults, thus 
compensating for the higher surface-to-volume ratio. 
Hence, thermoregulation is not insufficient in full- 
term neonates. However, their total thermoregulatory 
range is narrower than in adults. Additionally, in 
contrast to the obvious shivering reaction occurring 
in adults, their thermoregulatory metabolic increase is 
mostly due to non-shivering thermogenesis in the 
brown adipose tissue. Thus, the "invisibility" of the 
cold defense reaction may lead to an underestimation 
of the maximum thermal stress exerted on the neo- 
nates by ambient temperatures which would still be 
quite comfortable for adults [1-5]. 

In preterm neonates, the risk of cooling is even 
higher, partly due to the smaller body size and an 
inappropriately low basal metabolic rate (cf. below), 
partly to the immaturity of the effector systems of 
thermoregulation. Thus, on the one hand, the perme- 
ability of the skin increases with decreasing gesta- 
tional age so that the evaporative heat loss is enhanced, 
unless a correspondingly higher ambient humidity is 
provided [6,7]. On the other hand, the brown adipose 
tissue is more or less underdeveloped so that the capa- 
city for non-shivering thermogenesis is limited before 
term [8,9]. Hence, although the overall incidence of 
neonatal hypothermia (i.e. a body temperature of<36°C 
on admission to the neonatal ward) has been greatly 
reduced during the last forty years, it is still markedly 
increased in the subgroup of the VLBW (very low 
birth weight) infants, weighing <1500 g at birth [10]. 

Both from natural adptation strategies and from 
clinical organ preservation, hypothermia is known 
to have a protective effect against oxygen and sub- 
strate deficiency [l l] .  However, this is only true if 
thermoregulation is switched off and a direct cold- 
related decrease in metabolic rate occurs ("induced 
hypothermia"). Therefore, a potential beneficial effect 
of hypothermia on the neonate is limited to the rare 
cases, where thermoregulation is suppressed by 
hypoxia/hyperkapnia or by a rapid fall in body tem- 
perature itself, thus leading to a kind of "self- 
induced" cooling. However, even though the preterm 
neonate has a poor capacity to regulate its own body 
temperature, it is not poikilothermic in a strict sense. 
Thus, in most cases, exposure to cold elicits a thermo- 
regulatory reaction which, due to the coincidence of 
peripheral vasoconstriction and metabolic increase, 
leads to severe metabolic disturbances ("accidental 
hypothermia") and might finally endanger the suc- 
cessful transition from intra- to extrauterine life [ 12]. 

1.2 .  Thermal monitoring and thermal protection - 

f r o m  thermoneutrality to thermal comfort 

In view of these risks, the benefits of thermal 
monitoring and thermal protection are now undisputed 
in neonatology. Nevertheless, the most appropriate 
site and technique of measurement are still a matter 
of debate. Thermal monitoring is traditionally per- 
formed by measurement of rectal temperature which, 
however, is not a very reliable parameter of core 
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temperature and, more importantly, decreases only 
after the peripheral vasoconstriction and the metabolic 
increase as the first and the second line of cold defense 
have failed to counteract heat loss. Therefore, a "two- 
point technique" has recently been introduced into 
clinical monitoring which is based on the gradient bet- 
ween core and peripheral temperature and has proven 
clearly superior in early detection of thermal stress [ 13]. 

In this context, it is worth mentioning that (in 
contrast to the more recent "interthreshold range", 
indicating the very narrow range of body temperatures 
at which there is no thermoregulatory reaction at all) 
the traditional "thermoneutral range" (cf. aforesaid) 
focuses on metabolic rate and, therefore, ignores 
preceding vasoconstriction [14,15]. This is of interest 
since the current temperature settings of neonatal 
intensive care incubators are commonly taken from 
nomograms in which the thermoneutral temperature is 
given as a function of gestational and postnatal age 
[ 16,17]. As is demonstrated by an example of thermal 
monitoring in a human preterm neonate (Fig. 2), it is 
possible, by choosing these values, to maintain a 
constant body temperature of ca. 37"C. If, however, 
a peripheral temperature is simultaneously recorded 
and the resulting thermal gradient calculated, it 
becomes evident that any minor manipulation leads 
to a vasoconstrictory reaction and, thus, to consider- 
able thermal stress for the preterm neonate. This 

example thus clearly demonstrates that thermal neu- 
trality is not necessarily the same as thermal comfort. 
Hence, it is conceivable that even higher ambient and 
body temperatures could be necessary to prevent not 
only metabolic stimulation, but also peripheral vaso- 
constriction and to guarantee optimal thermal comfort 
in the human preterm neonate [ 13]. This assumption is 
reinforced by the fact that the human fetus, while 
submerged in the amniotic fluid, exhibits a body 
temperature which is 0.5°C higher than the mother's 
"normal" 3 7 C  [18,191. 

1 . 3 .  Body weight and metabolic rate - the biological 
basis .for perinatal metabolic adaptation 

As pointed out at the beginning, the term neonate is 
adapted to its small body size by an elevated metabolic 
rate. The increase in specific metabolic rate with 
decreasing body mass corresponds to the overall 
metabolic size relationship of mammals, known as 
the mouse-to-elefant curve or Kleiber's rule [20,21]. 
Most remarkably, however, the metabolic size rela- 
tionship is "switched on" only after birth [22-26]. 
In other words, the mammalian neonate starts at 
the maternal metabolic level and then increases 
more or less rapidly up to the value to be expected 
from body mass (Fig. 3). The postnatal metabolic 
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Fig. 2. Example of thermal gradient monitoring in a human 
preterm neonate (gestational age 28 weeks, birth weight 1 I00 g, 
postnatal age I1 days). Note that any medical or nursing 
manipulation leads to a decrease in peripheral temperature and, 
thereby, to an increase in the thermal gradient although the core 
temperature itself remains largely unaffected. 
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Fig. 3. Body mass relationship of basal metabolic rate and 
postnatal metabolic increase in mammals. Following an overall 
size relationship, the specific basal metabolic rate of neonates is 
higher than that of adults (cf. Fig. 1). However, immediately after 
birth, it is still at the feto-maternal level and, thereafter, increases 
up to the value to be expected from body mass (numerical values 
are for humans). 
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increase is accomplished, in human term neonates, 
within a few days and seems to be retarded in 
preterm neonates [ 1-3,13,27-29]. However, relatively 
little is known about the extent of metabolic reduction 
and the dynamics of metabolic increase in the 
perinatal period, nor about the adaptive value of 
postnatal metabolic behaviour in various degrees 
of neonatal immaturity. Therefore, we decided to 
conduct a calorimetric investigation on this phenom- 
enon, comparing the postnatal metabolic increase in 
human preterm neonates to the metabolic behaviour 
of a mammalian species that is normally born in a 
very immature state. 

2. Materials and methods 

2.1. Indirect calorimetry in human preterm neonates 

Human data derived from clinical routine measure- 
ments of resting metabolic rates in preterm neonates of 
various gestational and postnatal ages [30]. Babies 
were otherwise healthy (apart from prematurity itself) 
and all spontaneously breathing at the time of mea- 
surement. Metabolic measurements were performed 
with a Deltatrac II Metabolic Monitor (Datex, Fin- 
land) operating in the "canopy mode" whereby the 
oxygen consumption rates were calculated from the 
difference in 02 contents between inflowing and out- 
flowing air, multiplied by the highly constant flow rate 
[31,32]. Details of the measuring procedure are 
described elsewhere [33]. Results were divided by 
the actual body weights to gain "specific" metabolic 
rates and plotted as percentages of the values to be 
expected from the above-mentioned metabolic size 
relationship. 

2.2. Direct and indirect calorimetry in Monodelphis 
neonates 

As an example of natural adaptation to extreme 
neonatal immaturity, the short-tailed opossum (Mono- 
delphis domestica) was studied. Being marsupials, 
Monodelphis neonates are born after a short gesta- 
tional period and move by themselves into an abdom- 
inal "pouch" of the mother (which in this species is 
merely a wrinkle in the abdominal fur) to continue 
their development while attached to a nipple. Due to 

their "embryonic" state and their extremely low birth 
weight of some 100 mg, they are one of the most 
impressive examples of neonatal immaturity among 
mammals [34]. 

Animals were obtained from a breeding colony at 
the Department of Anatomy and studied with permis- 
sion of the local authorities. Metabolic measurements 
were performed with a 2277 Thermal Activity Moni- 
tor (ThermoMetric, Sweden) [35], the measuring 
ampoules having been previously flushed with pure 
oxygen. Details of the experimental procedure are 
described elsewhere [36]. To ensure comparability 
with the human data, results were divided by the 
actual body weights to gain "specific" metabolic 
rates and plotted as percentages of the values to be 
expected from body mass whereby a modified 
metabolic size relationship applying to marsupials 
was used [37]. 

In addition to these experiments which were per- 
formed at an incubation temperature of 37°C (corre- 
sponding to the temperature in the mother's abdominal 
"pouch"), heat output rates at 27°C were also mea- 
sured and the resulting temperature coefficients (Qlo- 
values) calculated. Moreover, complementary to heat 
output, oxygen consumption rates were determined 
using the traditional Warburg apparatus [38] so that 
the calorimetric/respirometric (C/R) ratio, known ear- 
lier as the "oxycaloric equivalent", could be calcu- 
lated [39,40]. 

3. Results 

3.1. Metabolic behaviour in human preterm neonates 

Clinical measurements indicate that, in contrast to 
birth weights which - of course - are much higher 
after forty than after thirty weeks of gestation, the 
specific oxygen consumption rates of human neonates 
immediately after birth (i.e. within the first 48 h of 
life) are fairly independent of gestational age and 
amount to roughly 5.5 m l k g - l m i n  - l  (Fig. 4(a)). 
Although this is not exactly at the maternal level, it 
corresponds, in preterm neonates of 27 to 33 weeks of 
gestation, to only 60% of the metabolic rate to be 
expected from body mass. Starting from there, the 
turnover rate increases within three weeks to ca. I 10% 
of the predicted level (Fig. 4(b)). Interestingly, the 
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Fig. 4. (a) Early postnatal oxygen consumption rates and birth 
weights in human term and preterm neonates as related to 
gestational age. The specific 02 consumption rate immediately 
(i.e. less than 48 h) after birth amounts to a relatively invariable 
5.5 ml kg i rain- t whereas mean birth weights are nearly twice as 
high after 40 as after 30 weeks of gestation. (b) Body weight and 
metabolic rate in human preterm neonates (ranging from 27 to 33 
weeks of gestation). The specific 02 consumption rate rate 
increases within about three weeks from 60% to 110% of the 
value to be expected from body mass. However, the body mass, 
given as a percentage of birth weight, starts increasing only after 
the metabolic rate has reached its new higher level. (c) Body 
weight and metabolic rate in Monodelphis neonates. The specific 
heat output rate amounts to only 20% of the value to be expected 
from body mass and remains fairly constant whereas the body mass 
increases in a nearly exponential manner to 500% of birth weight 
during the first ten days of life. The data points represent three 
different individuals on each particular day. 

3.2. Metabolic behaviour in Monodelphis neonates 

In Monodelphis neonates,  the specific heat  output  

rate at birth amounts  to roughly 5.5 m W  g - l  which  is 

exact ly  at the maternal  level  and, thus, amounts  to only 

20% of  the metabol ic  rate to be expected  f rom body 

mass. F rom here on, there is vir tual ly no metabol ic  

increase al though the body mass increases in a nearly 

exponent ia l  manner  to 500% of  birth weight  during 

the first ten days of  life (Fig. 4(c)). 

When  the heat-output  rates of  Monodelphis neo- 

nates, whether  on postnatal day 0 or  9, are measured  at 

an incubat ion temperature  o f  2T~C, a temperature  

coeff ic ient  o f  1.7 or  2.2, respect ively,  is obtained,  

i.e. the metabol ic  rate is about half  the value found 

at 37°C. Microrespirometric measurements  confirm 

the results obtained by microcalorimetry, both with 

respect  to the extent of  perinatal metabol ic  reduct ion 

and to the miss ing postnatal increase in metabol ic  rate. 

The  average oxygen  consumpt ion  rate amounts  to 

1 5 g l g  - l  min -1 so that, based on the mean  heat- 

output rate o f  5.5 m W  g - l ,  a C/R ratio o f  ca. 

480 kJ mol ] results. 

4.  D i s c u s s i o n  

body weight  resumes  increasing only after the meta-  

bolic rate has reached its new, h igher  level,  suggest ing 
that the temporary  growth retardation typical  o f  pre- 

term neonates  is c losely  related to their  metabol ic  

behaviour.  

4.1. Perinatal metabolic reduction and growth 
efficiency 

Just as in the case o f  body temperature,  there is still 

no unanimous  v iew on the adapt ive significance and 
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the "physiological" behaviour of metabolic rate in the 
case of neonatal immaturity. As has been shown by the 
foregoing measurements, the postnatal metabolic 
increase in human preterm neonates is much slower 
than in term neonates, and in view of the fact that an 
elevated metabolic rate compensates for the higher 
surface-to-volume ratio (cf. above), it is evident that 
the slow metabolic increase contributes to their long- 
lasting thermal instability. Since, moreover, the body 
weight increases only after the metabolic rate has 
reached the new higher level (Fig. 4(b)), it seems 
obvious that the metabolic increase in human preterm 
neonates is "too slow". Had they, however, not yet 
been born, they would not experience a metabolic 
increase at this early stage of development so that, 
from this point of view, the metabolic increase appears 
rather "too fast". 

When the Monodelphis neonate is regarded as an 
"experiment of nature" and the relationship between 
metabolic rate and body weight is studied in this 
species, exactly the inverse situation compared with 
human preterm neonates is found, that is, a high 
growth efficiency at a low metabolic rate (Fig. 4(c)). 
This means that the metabolic increase is neither an 
unavoidable consequence of birth nor a necessary 
precondition of postnatal growth and that in the case 
of extreme immaturity, a continuing metabolic reduc- 
tion could be the "natural" adaptation strategy 
[41,42]. 

Of course, it might be argued that the different types 
of metabolic behaviour may simply reflect different 
species-specific peculiarities. However, when the spe- 
cific metabolic rates of human neonates immediately 
after birth are related to birth weights, it becomes 
evident that, during the intrauterine development of 
human beings, there is a similar combination of high 
growth efficiency and low metabolic rate to that 
continued even after birth in Monodelphis (Fig. 4(a)). 
Obviously, in humans, preterm birth interrupts a 
condition of metabolic economy and elicits a (pre- 
determined?) program which leads to a metabolic 
increase at the expense of temporary growth retarda- 
tion [43]. 

The persisting energetic economy of Monodelphis 
neonates is at least partly due to the fact that they do 
not attempt to thermoregulate: As is shown by the 
temperature coefficient of ca. 2, Monodelphis neo- 
nates exhibit a passive "biochemical" temperature 

dependence of metabolic rate without any thermore- 
gulatory reaction. In other words, they are "truely 
poikilothermic" (again similar to the intrauterine 
situation in higher mammals) whereas human preterm 
neonates, though with little chance of success, try to 
thermoregulate and, thereby, consume part of the 
energy which otherwise would have been used for 
growing. 

4.2. Perinatal metabolic reduction and oxygen 
supply to tissues 

As can be concluded from the C/R ratio, the heat 
output of Monodelphis neonates corresponds to their 
oxygen consumption so that there is no evidence of 
partial anaerobiosis in these animals [39,40]. This is of 
special interest since they bear some aspects of imma- 
turity which might impair O2 supply to tissues. Firstly, 
their lungs are still in the "pseudo-glandular" stage of 
development which means that there are no alveoli 
and that (despite some anatomical peculiarities 
enabling respiration at all) the total surface area for 
respiratory gas exchange is markedly restricted [44]. 
Hence, a low 02 consumption rate appears to be a 
prerequisite for aerobic survival at this stage of devel- 
opment. Secondly, their brains are still not capillarized 
and exclusively supplied with 02 by diffusion from the 
surroundings. Therefore, it is advantageous that the 
"critical depth" of penetration of 02 into tissues by 
diffusion is improved by reduction of 02 consumption 
[20,26,38,45,46]. Thus, in summary, the low meta- 
bolic rate is not only correlated with a high growth 
efficiency, but seems to be an important adaptation to 
lung immaturity and incomplete tissue vasculariza- 
tion, as well. 

4.3. Perinatal metabolic reduction and hypoxia 
tolerance 

When these results are compared to data from the 
literature [47-51], it turns out that the perinatal 
"switching-off" of usual metabolic size relationship 
not only occurs in some selected species, but is a more 
general adaptation strategy of mammalian neonates 
with the distance between the "expected" and the 
actual metabolic rate being the larger, the smaller the 
neonate is, and the postnatal metabolic increase being 
the slower, the more immature it is at birth (Fig. 5). 
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Most interestingly, this corresponds to a very old 
observation which, however, has not yet been fully 
understood, namely, the increased hypoxia tolerance 
of mammalian neonates [52-55]. In fact, the survival 
time under hypoxic conditions is markedly prolonged 
in neonatal as compared to adult individuals, and this 

is most evident in the species with the smallest and 
most immature neonates (Fig. 6). Keeping in mind the 
above considerations on 02 supply to tissues, it can be 
assumed that the combination of small body size and 
an "inappropriately" low metabolic rate facilitates 02 
diffusion to tissues in a way that improves survival at 
very low pO2 values. 

5. Conclusion 

As was pointed out at the beginning, the term 
neonate is adapted to its small body size by an elevated 
metabolic rate. As is shown by the above considera- 
tions, temporary metabolic reduction may be of 
equally important adaptive value in the perinatal 
period, not only for growth efficiency, but also for 
02 supply and for hypoxia tolerance. The human term 
and slightly preterm neonate probably profit from a 
rapid postnatal increase in metabolic rate with respect 
to both thermal stability and growth. However, in 
cases where 02 and substrate supply are limited by 
extreme immaturity, continuing metabolic reduction is 
likely to be the more appropriate strategy. Unfortu- 
nately, the factors mediating perinatal metabolic sup- 
pression in "specialized immatures" such as 
marsupials are still unknown. Therefore, very careful 
thermal protection with the aim of attaining true 
thermal comfort seems to be one of the most promis- 
ing ways to avoid premature and uneconomic meta- 
bolic increase in highly preterm human neonates. 
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