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Abstract: The effectiveness of skin-to-skin care (SSC) notably depends on the delivery room air
temperature (Ta), the thermal insulation provided by the fabrics or clothes covering the mother
and the neonate (Icl), and the neonate’s metabolism (M). The objective of the present study was to
model the influence of these variables on the effectiveness of SSC for premature newborns. To this
end, we used an appropriate thermal mannequin and applied a mathematical model of body heat
exchanges. We performed experiments at Ta values (20.9 ◦C and 25.9 ◦C) and two Icl values (sheet
only and sheet + blanket). At a Ta of 25.9 ◦C, normothermia was estimated after one hour of SSC
with the sheet (Icl = 0.15 m2 ◦C/W; 36.52 ◦C) and the sheet + blanket (Icl = 0.21 m2 ◦C/W; 37.09 ◦C)
but only with the highest value of M (2.70 W/kg). With a Ta of 20.9 ◦C, moderate hypothermia
(requiring monitoring of the neonate’s thermal status) was estimated—except for M = 2.70 W/kg
and Icl = 0.21 m2 ◦C/W. During early SSC, homeothermy can be maintained when Ta is 25 ◦C (the
temperature recommended by the World Health Organization) but only when the neonate’s tissue
insulation is high (Icl ≥ 0.15 m2 ◦C/W) and when the level of metabolic heat production is high.

Keywords: neonate; mannequin; mathematical model; skin-to-skin; hypothermia

1. Introduction

Low-birth-weight and preterm neonates are particularly at risk of body cooling. Hy-
pothermia can lead to hypoglycemia, respiratory distress, hypoxia, and metabolic acidosis
and is associated with greater morbidity and mortality rates [1,2]. Thermal regulation is
less effective than in adults due to the immaturity of the neonate’s organs and greater body
heat losses to the environment [3]. During cold exposure, the energy used to maintain
homeothermy depletes that available for vital functions. These factors are especially im-
portant for premature and low-birth-weight neonates. To prevent neonatal hypothermia
immediately after delivery, skin-to-skin care (SSC) is recommended by the World Health
Organization (WHO) [4].

In 2017, the WHO recommended that in the absence of medical contraindications,
a newborn should be dried, placed naked in the prone position on the mother’s chest,
covered with a clean, warm cloth and a cap, and left in contact for an hour [5]. The
WHO has further stated that SSC is an effective method for preventing body heat losses
in term or premature neonates [6]. Several studies of term neonates have shown that SSC
is enough to warm the neonate after delivery and avoids the need for other warming
methods (e.g., radiant warmers and incubators). Färdig [7] showed that early skin-to-
skin contact under a warm blanket (preceded by drying of the skin) enabled neonates to
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maintain their internal body temperature. Christensson et al. [8] showed that axillary and
skin temperatures were higher in infants placed in contact with their mothers for 90 min
immediately after birth. In Christidis et al.’s infrared thermography study [9], skin surfaces
in contact with the mother were warmer than those not in contact. Christensson et al. [10]
claimed that SSC was equivalent to placing the neonate in a closed incubator. In a study
in India, Srivastava et al. [11] showed that SSC stabilized the neonate’s thermal status
and increased the breastfeeding rate and the sucking reflex. Jia et al. [12] showed that
in premature neonates, cold stress decreased when the delivery room air temperature
(Ta) was maintained at 25 ◦C (i.e., the value recommended by the WHO). In a study in
Croatia, Kardum et al. [13] demonstrated that when Ta was 21.7 ◦C, SSC was effective for
maintaining homeothermy in neonates born after 38 weeks of amenorrhea but not in those
born more prematurely. These research findings demonstrated the importance of the Ta
and the neonate’s maturity in the management of the thermal environment at birth. The
effectiveness of SSC also depends on (i) the thermal insulation provided by the cloth, sheet,
or clothing covering the mother and the neonate and (ii) the neonate’s metabolism—the
main source of heat production in response to cold stress.

The degree of thermal insulation that must be provided by the cloth placed on the
neonate during SSC has not been defined, even though this is a particularly important
factor in reducing body heat losses. With the exception of Karlsson [14], researchers in this
field have not reported the degree of thermal insulation provided by the cloth or sheet
used in SSC; they simply recommend adapting this variable to the ambient temperature.
There are no guidelines on the optimal thermal properties of coverings or clothing for
premature newborns during SSC. To address this problem, we used a physical model (a
thermal mannequin, as recommended in the ISO 9920 standard for assessing the impact of
the thermal isolation of a set of clothes on body heat exchanges) [15].

As reported by many researchers, metabolic heat production varies greatly from one
individual to another. Bauer et al. [16] measured oxygen consumption in 75 premature
infants (gestational age: between 26 and 28 weeks) during the first week of life: the
individual values ranged from 1.11 W/kg to 2.70 W/kg (mean: 1.59 W/kg). In a now rather
dated study of 33 newborns (gestational age: 25 to 38 weeks; birth weight: below 1500 g),
Silverman et al. [17] showed that not all the infants were able to increase their metabolic heat
production when exposed to moderate cold: indeed, heat production remained unchanged
or even decreased in some cases. This finding was confirmed by Adamson et al. [18] and
Pribylova et al. [19], who reported that oxygen consumption was negatively correlated with
the neonate’s abdominal skin temperature and rectal temperature, respectively. The results
of Gandy et al.’s study [20] also showed that the neonate’s metabolic heat production
decreased when the internal body temperature fell, reflecting the inability to effectively
counter body heat loss.

The WHO classifies the level of body cooling as cool stress for an internal body
temperature below 36.5 ◦C, mild hypothermia for values between 36.5 and 35 ◦C, moderate
hypothermia for values between 35 and 32 ◦C, and severe hypothermia for values below
32 ◦C. The internal body temperature is measured invasively at various sites (mainly the
rectum, tympanic area, and axillary area). However, these sites are not representative
of heat storage in the neonate’s body and, therefore, of the neonate’s overall thermal
state [21–24]. In the present study, a mathematical model based on the body’s heat balance
was used to describe the changes over time in the mean body temperature and in body
heat storage.

The objective of the present study was to determine how the effectiveness of SSC
immediately after delivery was affected by Ta, the degree of thermal insulation provided
by the coverings and/or clothing placed on the neonate and mother, and interindividual
differences in metabolic heat production.
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2. Method
2.1. The Thermal Mannequin

The anthropomorphic, multisegment thermal mannequin was designed in our labora-
tory (Figure 1). It corresponds to a low-birth-weight neonate (simulated weight: 1500 g;
body surface area: 0.150 m2) with a gestational age of approximately 30 weeks (according
to Fenton et al.’s curves) [25]
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Figure 1. The 1500 g anthropomorphic mannequin wearing a head cap and a diaper. The mannequin
is an anatomically faithful model of a small-for-gestational-age neonate. The anatomic shapes are
important because they modify the heat exchange coefficients and, thus, condition heat exchanges
with the environment.

The body segments are articulated so that the posture to be modified. The mannequin
is painted matte black, and its emissivity coefficient in the infrared (0.97) is close to that
of human skin. During the experiments, local temperature data were recorded with
18 thermistor probes (10 kOhms at 25 ◦C): 5 on the trunk, 2 on each of the limbs, and 5 on
the head. The mean surface temperature was calculated by weighting the local surface
temperatures according to the corresponding segment’s relative surface area (trunk: 28%;
head: 23%; lower limbs: 30%; upper limbs: 19%).

Under thermal equilibrium conditions (reached within 45 min), the electrical power
supplied separately to the mannequin’s six body segments makes it possible to control the
corresponding surface temperatures and to take account of the body’s thermal heterogeneity.
The electrical power was measured using command-and-control software (Control Pro,
Labtech, Wilmington, MA, USA) and corresponds to the heat transferred to the environment.
When thermal equilibrium was reached, the electrical power was recorded and averaged
over 30 min.

2.2. Design of the Mathematical Model

The mathematical model was based on analytical calorimetry. The heat transfer
equation can be written as a sum of heat flows (expressed in W per kg body mass):

S = M ± R ± C ± K − Eresp − Cresp − E (1)

where S is the body’s heat storage (at equilibrium, heat gain is balanced by heat loss and
so S = 0; for a neonate in this condition, homeothermy is reached, and the body’s internal
temperature stabilizes at between 36.5 and 37.5 ◦C), M is the metabolic heat produced
by non-shivering thermogenesis in brown adipose tissue, R is radiative heat loss/gain
(corresponding to the infrared radiation transferred between the skin surface and the
various surfaces in the environment), C is convective heat exchanged by air moving over
the skin surface and the upper airways (Cresp), K is the transfer of thermal energy from
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the mother’s body to the neonate via skin–skin contact, and E is the evaporative heat loss
through the skin and the upper airways (Eresp).

The electric heat power supplied to the mannequin balances the dry heat losses
(R + C + K). In a clothed mannequin, R + C are reduced by a coefficient of heat exchange
due to clothing (Fcl).

The degree of inter-infant variability in energy metabolism (M) was based on Bauer
et al.’s measured range [15] from 1.11 to 2.70 W/kg. It should be noted that the mean value
measured by these investigators (1.59 W/kg) was similar to that calculated by Chessex et al.
on the first day of life for a neonate weighing 1500 g [26].

Evaporative losses through the respiratory tract (Eresp W/kg) [27] were modeled as:

Eresp = 0.0173 M (Pe − Pi)
AD

Wt
(2)

where AD is the total body surface area (m2), Wt is the body mass (kg), and (Pe − Pi) is the
difference in water vapor pressure between exhaled and inspired air (kPa).

The respiratory convective heat loss (Cresp, W/kg) was modeled as the heat exchanged
by air moving out of the respiratory tract [27]:

Cresp = 0.0014 M (Te − Ti)
AD

Wt
(3)

where (Te − Ti) is the difference between the expired air temperature (Te) and the inspired
air temperature (Ti = Ta) (◦C) and M is the energy metabolism (W/m2).

Te was calculated according to Hanson’s equation [28]:

Te = 32.6 + 0.066 Ta + 32 MH2O (4)

where Ta is the air temperature and MH2O is the mass of air vapor in the inspired air (g/L).
The water evaporation through the skin (E, W/kg) was modeled as:

E = heω Ae
(
PSH2O − PaH2O

)
Fpcl

AD

Wt
(5)

where he is the heat transfer coefficient by evaporation (W/mb/m2) calculated from the
Lewis relation (he = 1.67 hc), ω is the fraction of body area that is wet (dimensionless;
0.06 when the skin is dry [29] and 1 when the skin is completely wet, as in an undried
neonate), PsH2O − PaH2O is the water vapor partial pressure difference between the skin (the
saturation pressure for mean skin temperature) and air (mb), Ae is the skin surface area that
exchanges by evaporation (0.805, calculated by subtracting the manikin–mattress contact
area (0.195) from the total body surface area, and Fpcl is the reduction in the coefficient of
latent heat exchange due to clothing (dimensionless).

2.3. Assessment of the Clothing-Associated Reduction in Thermal Insulation (Fcl, Fpcl)

The reduction factor for dry heat exchange through the mannequin’s covering (Fcl)
was the ratio between the electrical power supplied to the covered mannequin ((R + C)clo)
and that supplied to the naked mannequin ((R + C)n). To eliminate conductive heat loss
(K), the mannequin was thermally insulated from the mattress (a fiberglass needle mat;
thickness: 13 mm; thermal conductivity: 0.04 W/mK; Glass Fiber MG Model Needled Mat,
Horst GmbH, Lorsch, Germany).

Fcl =
(R + C)clo
(R + C)n

(6)
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The covering’s thermal insulation (Icl, m2 ◦C/W) can be determined by iterative
calculation of the following equation [27]:

Fcl = [(hr + hc) Icl + 1/fcl]
−1 (7)

where hr and hc are, respectively, the coefficients of heat transfer by radiation and by con-
vection (W/m2/◦C), and fcl is the ratio between the surface areas of the clothed mannequin
and the naked mannequin:

fcl = 1 + 1.97 Icl (8)

Given that the air velocity in the delivery room is assumed to be below 0.2 m/s, the
convective heat transfer coefficient depends solely on the difference between the skin and
air temperatures (Tsk − Ta). The value of hc was calculated from the following equation [30]:
hc = 1.87 (Tsk − Ta)0.37

The radiation coefficient hr (W/m2/◦C) can be computed as:

hr = σ εsk Ar [(Tsk + 273)4 − (Tr + 273)4] (Tsk − Tr)]−1 (9)

where σ is the Stephan–Boltzmann constant (5.67 × 10−8 W/m2/◦C), εsk is the emissivity
of the skin 0.97; dimensionless), Ar is the body’s effective radiating area (%), Tr is the mean
radiation temperature (◦C), and Tsk is the mean skin temperature (◦C). The skin surface
taking part in radiative heat exchanges (Ar) is equal to 0.575; this is the total body surface
area less the surface area of the segments that radiate heat between them (0.77) and mattress–
mannequin contact area when the mannequin is placed in the prone position (0.195). These
values have been defined previously for a neonate [31] and for the mannequin used in the
present study [32].

Again, given that the air velocity in the delivery room is assumed to be below 0.2 m/s,
Tr was measured with a conventional black-globe thermometer (diameter: 15 cm; wall
thickness: 0.6 mm) and calculated from the natural convection equation:

Tr = [(tg + 273)4 + 0.4 × 108 |tg − Ta|0.25 (tg − Ta)]0.25 − 273 (10)

where tg = is the black-globe temperature (◦C).
In the case of porous, light fabrics, the latent heat loss reduction coefficient (Fpcl)

was calculated from the thermal insulation (Icl) and the coefficients for heat exchange by
radiation (hr) and convection (hc) [27]:

Fpcl = [[1 + 2.22 hc [Icl − (1 − 1/fcl) (hr + hc)−1]]]−1 (11)

The variations in mean body temperature ∆Tb (expressed in ◦C/h) were calculated
from the body heat storage (S, in KJ/h), the body mass (kg), and the specific heat capacity
of human tissues (Cp = 3.494 KJ/kg·◦C):

∆Tb =
S

mbCp
(12)

2.4. The Experiments

A neonate at birth was simulated by considering the local skin temperatures, as
measured using infrared thermography [9] (head: 34.4 ◦C; trunk: 34.6 ◦C; upper limbs:
34.4 ◦C; lower limbs: 34.1 ◦C), giving a weighted skin temperature (Tsk) of 34.36 ◦C. This is
very close to the value measured by Karlsson with 10 skin thermistors (34.1 ± 0.4 ◦C) in
newborns 10 min after delivery [14].

The mannequin was placed in an air-conditioned room with a Ta of 25.9 ◦C, i.e., close
to the value of 25 ◦C recommended by the WHO. A second series of experiments was
carried out at 20.9 ◦C, which corresponds to a comfortable Ta most often chosen by the
mother in labor and the nursing staff. The relative air humidity was 45–50%. To simulate
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SSC during the immediate postpartum period, the model was placed prone in direct contact
with a heating mattress (CR1, Electro Concept, Saint Léonard de Noblat, France), the shape
of which matched that of a mother’s belly (Figure 2). We chose to set the mattress’s surface
temperature to 35.5 ◦C; we considered that the skin temperature of the trunk of a nude
adult exposed for one hour to a temperature of 24 ◦C and a relative humidity of 45% in
still air would be 32 ◦C [33] and that 3.5 ◦C should then be added to simulate the effects of
labor (a thermal load raising the mother’s internal body temperature by 1◦C and the skin
temperature by 3.5 ◦C). These conditions are defined as the alert threshold for hyperthermia
in the ISO 7933 standard [27].
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The mannequin was dressed in a cotton cap and a diaper and was covered with a
cotton sheet (182 g/m2) folded in half (i.e., a total of two fabric layers) or the same double
sheet plus a polyester blanket (189 g/m2) folded in half (i.e., a total of four fabric layers).
The two clothing set conditions were tested in random order.

The ambient temperature and the mattress surface temperature were recorded using
12 thermistor probes (10 kOhms at 25 ◦C). One of the sensors was located in an open tube
between the mannequin and the covering in order to measure the temperature of the air
trapped there.

2.5. Statistical Analysis

The experimental conditions were studied in random order. Five measurements were
made for each condition in order to assess the variability in the heat power supplied to
the mannequin. In view of our comparisons of small samples, the effects of the thermal
insulation of the coverings (a sheet alone vs. sheet + blanket at 20.9 ◦C and at 25.9 ◦C) were
probed by applying nonparametric Mann–Whitney tests. The threshold for statistical sig-
nificance was set to p < 0.05. Quantitative variables were expressed as the mean ± standard
deviation (SD). Statistical analysis was performed using Statview software (version 5.0,
Abacus Concepts Inc., Berkeley, CA, USA).

3. Results

The mean Ta was 20.9 ± 0.04 ◦C (mean ± SD radiant temperature (Tr): 21.2 ± 0.03 ◦C)
or 25.9 ± 0.09 ◦C (Tr = 26.2◦ ± 0.05 ◦C). Depending on the experiment, the mean tem-
perature of the mattress surface ranged from 35.35 ± 0.61 ◦C to 35.92 ± 0.57 ◦C. The
mannequin’s surface temperature was kept constant (between 34.34 ◦C and 34.39 ◦C) with
an SD below 0.05 ◦C (i.e., lower than the measuring device’s precision). Ta did not depend
significantly on the covering condition (sheet vs. sheet + blanket) at 20.9 ◦C (p = 0.698;
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z = 0.387) or 25 ◦C (p = 0.462; z = 0.735). The same was true for Tr when Ta was 20.9 ◦C
(p = 0.439; z = 0.775) or 25.9 ◦C (p = 0.462, z = 0.735).

The fabric covering made it possible to establish a microclimate between the inner
layer of fabric and the mattress surface (i.e., the simulated skin of the mother). With a Ta
of 20.9 ◦C, the temperature under the covering was 22.75 ± 0.24 ◦C with the sheet and
23.72 ± 0.54 ◦C with the sheet + blanket. At 25.9 ◦C, the temperate was 27.25 ± 0.31 ◦C
with the sheet and 28.09 ± 0.11 ◦C with the sheet + blanket.

The variables characterizing the total thermal insulation provided by the covering
(sheet or sheet + blanket) and clothing (cap and diaper) are listed in Table 1.

Table 1. Variables characterizing the total thermal insulation provided by the covering (sheet or sheet
+ blanket) and clothing (cap and diaper) during simulated SSC. R and C are, respectively, the radiative
and convective heat losses (in W/kg) for the clothed (clo) or nude (n) mannequin. Fcl, Icl, and Fpcl

are, respectively, the reduction coefficients of dry and the insulation provided by the covering and
clothing (m2 ◦C/W). Fpcl is the reduction in latent heat exchange.

Ta 20.9 ◦C 25.9 ◦C

Condition Sheet Sheet + Blanket Sheet Sheet + Blanket

(R + C)clo −4.31 ± 0.14 −3.76 ± 0.17 −2.76 ± 0.11 −2.30 ± 0.18

(R + C)n 8.92 ± 0.10 5.34 ± 0.10

Fcl 0.49 0.42 0.52 0.43

Icl 0.15 0.2 0.15 0.21

Fpcl 0.42 0.36 0.48 0.39

The mannequin’s measured dry heat losses (R + C + K) and the calculated respiratory
and skin heat losses under the various experimental conditions and energy metabolism (M)
values are summarized in Table 2.

At a Ta of 20.9 ◦C, increasing the thermal insulation reduced dry heat loss by 16.7%
(p = 0.0019, z = 0.775). At 25.9 ◦C, this reduction was 17.8% (p = 0.0143, z = 2.449) (Table 2).
The World Health Organization recommends maintaining SSC for at least one hour after
delivery. Our simulations indicated that with an internal body temperature of 37 ◦C at birth,
normothermia was estimated at a Ta of 25.9 ◦C with a sheet alone (36.52 ± 0.11 ◦C) and the
sheet + blanket (37.09 ± 0.11 ◦C) but only when the neonate’s energy metabolism was highly
active (2.70 W/kg). Moderate hypothermia was never estimated for the other conditions. At
a Ta of 20.9 ◦C, moderate hypothermia was estimated (i.e., body temperatures ranging from
32.79 to 34.40 ◦C), except for the condition with M = 2.70 W/kg and Icl = 0.21 m2 ◦C/◦W.

Comparisons of the heat power values given in Table 1 (R + C) and Table 2 (R + C + K)
showed that under our experimental conditions, the conductive heat gain was negligible
and was not significant at a Ta of 20.9 ◦C regardless of the thermal insulation of the
mannequin’s covering (sheet: p = 0.1495, z = 1.441 and sheet + blanket: p = 0.6434, z = 0.463).
At a Ta of 25.9 ◦C, the conductive heat gain was significant with the sheet (+0.24 W/kg;
p = 0.0074, z = 2.68; 9.5% of the total dry heat exchange) but not with the sheet + blanket
(p = 0.0881, z = 1.706).

The threshold for severe hypothermia (32 ◦C) was never reached—even for the lowest
Ta and the lowest degree of thermal insulation (Figure 3).
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Table 2. The mannequin’s dry heat losses (R + C + K), evaporative heat losses from the respiratory
tract (Eres) and the skin (E), and convective respiratory heat loss (Cres) at three different values of M.
S is the body heat storage. Heat transfers and S are expressed in W/kg. dTb/dt is the change in the
mean body temperature (◦C/h). Tb is the mean body temperature change calculated after an hour of
SSC (◦C) and an internal body temperature of 37 ◦C at birth. Only the values of Cres and Eres (which
depend on energy metabolism; see Equations (2) and (3)) differed; the magnitudes of the other factors
(R, C, K, and E) involved in the heat storage calculation remained the same.

Ta 20.9 ◦C 25.9 ◦C

Conditions Sheet Sheet + Blanket Sheet Sheet + Blanket

M = 1.11 W/Kg

R + C + K −4.48 ± 0.24 −3.73 ± 0.16 −2.52 ± 0.11 −2.07 ± 0.10

E −0.69 ± 0.0009 −0.54 ± 0.0004 −0.59 ± 0.002 −0.48 ± 0.002

Eres −0.0158 ± 0.0006 −0.0182 ± 0.0010 0.0196 ± 0.0009 −0.0222 ± 0.0003

Cres −0.003 ± 0.000 −0.003 ± 0.000 −0.0029 ± 0.000 −0.0029 ± 0.000

S −4.08 ± 0.23 −3.23 ± 0.16 −2.03 ± 0.11 −1.47 ± 0.10

dTb/dt −4.21 ± 0.24 −3.33 ± 0.16 −2.09 ± 0.11 −1.51 ± 0.11

Tb 32.79 ± 0.24 33.67 ± 0.16 34.91 ± 0.11 35.49 ± 0.11

M = 1.59 W/Kg

Eres −0.0226 ± 0.0008 −0.026 ± 0.002 −0.028 ± 0.001 −0.0318 ± 0.000

Cres −0.0045 ± 0.000 −0.0044 ± 0.000 −0.0042 ± 0.000 −0.0042 ± 0.000

S −3.61 ± 0.23 −2.76 ± 0.16 −1.56 ± 0.11 −1.00 ± 0.11

dTb/dt −3.72 ± 0.24 −2.84 ± 0.16 −1.60 ± 0.11 −1.03 ± 0.11

Tb 33.28 ± 0.24 34.16 ± 0.16 35.40 ± 0.11 35.97 ± 0.11

M = 2.70 W/Kg

Eres −0.0384 ± 0.001 0.0442 ± 0.0030 −0.0476 ± 0.0021 −0.0539 ± 0.0008

Cres −0.0076 ± 0.000 −0.0076 ± 0.000 −0.0071 ± 0.000 −0.0071 ± 0.000

S −2.52 ± 0.23 −1.67 ± 0.16 −0.47 ± 0.11 +0.09 ± 0.10

dTb/dt −2.60 ± 0.24 −1.72 ± 0.16 −0.48 ± 0.11 +0.09 ± 0.11

Tb 34.40 ± 0.24 35.28 ± 0.16 36.52 ± 0.11 37.09 ± 0.11
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Figure 3. The change over time in the mean body temperature (◦C) for three levels of metabolic heat
generation (colored lines) at a Ta of 20.9 or 25.9 ◦C and for the two thermal insulation conditions of
(a sheet alone or sheet + blanket). The horizontal yellow and red lines indicate the thresholds for
moderate hypothermia (35 ◦C), and severe hypothermia (32 ◦C), respectively.

4. Discussion

The use of a thermal manikin and the calculation of a premature neonate’s heat
exchanges with the environment enables us to make several practical observations of value
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with regard to the modalities of early SSC (i.e., an hour of SSC immediately after delivery).
It should be borne in mind that the present study’s findings are limited to neonates dried
at birth, wearing a cap and a diaper, and who are normothermic (i.e., a body temperature
between 36.5 and 37.5 ◦C) at birth.

Our results suggest that with a Ta of 25.9 ◦C, SSC can warm up the neonate when
the thermal insulation provided by the neonate’s covering and clothing is moderate (a
sheet alone; Icl = 0.15 m2 ◦C/W; Tb: 37.09 ◦C) or substantial (i.e., a sheet + blanket;
Icl = 0.21 m2 ◦C/W; Tb: 36.52 ◦C) but only when the neonate’s level of metabolic heat
production is high. Maintaining the Ta recommended by the WHO would indeed reduce
the incidence of neonatal hypothermia. Regardless of the level of metabolic heat produc-
tion, a Ta of 20.9 ◦C cannot be recommended. However, this value is often selected by the
nursing staff for their own thermal comfort. Our experiments showed that after one hour, a
Ta of 20.9 ◦C induces a state of moderate hypothermia with Tb ranging from 32.79 ◦C to
34.40 ◦C. Under this condition, the threshold for moderate hypothermia (35 ◦C) is reached
after 28 and 48 min of exposure, respectively.

However, a Ta of 25.9 ◦C alone is not sufficient. Our simulation showed that neonates
whose metabolic heat generation cannot compensate for body heat losses (M < 2.7 W/kg)
are likely to develop moderate hypothermia. Hence, SSC can only be recommended for
thermally stable infants with a Tb of at least 37 ◦C at birth and a particularly active energy
metabolism. This might explain the estimated inter-infant differences in the effectiveness
of SSC and why some moderately hypothermic but well-covered premature infants require
additional oxygen [13].

Many researchers have observed large interindividual differences in the cold resistance
of preterm infants. Metabolic heat production depends on the nervous system’s maturity
and the mass of brown adipose tissue; hence, during cold exposure, metabolic activity
sometimes fails to increase or can even decrease. Hey et al. [34], thus, reported that
the absence of a metabolic response was due to a lack of brown adipose tissue. These
considerations are especially relevant in premature neonates. A study in the rat [35]
showed that in individuals with intrauterine growth retardation, high adenosine levels
inhibited lipolysis during fetal growth [36]. This mechanism would explain the lack of
brown adipose tissue in a premature neonate. In an infrared thermography study of cold
exposure in newborns with a gestational age below 30 weeks, Oya et al. [37] claimed that
brown adipose tissue could not produce enough heat to be effective against body cooling
until the third trimester of pregnancy. Inter-infant differences in brown adipose tissue
might, thus, be able to compensate (or not) for the infant’s heat loss.

The effectiveness of vasomotor mechanisms should also be considered. In our present
model, we considered that the neonate’s vasomotor mechanisms were not efficient enough
to influence the conservation of the heat produced by metabolic processes. Premature
infants show vasoconstriction in certain regions of the body, such as the hands, feet,
and calves [38,39]. Karlsson et al. [40] indicated that peripheral vasoconstriction (which
normally reduces heat loss from the skin to the environment) was relatively ineffective.
Vasoconstriction at the feet was effective but was accompanied by vasodilatation at the
trunk (a large proportion of the body surface area), greater dry heat loss, and, thus, an
increase in the risk of hypothermia.

Although our model does not take into account the physiological responses of a
living organism, it has certain advantages. For example, one can accurately assess the
impact of inter-infant variability in metabolic heat production and the thermal impact of
the clothing used to protect the neonate in accordance with ISO standards [15,28]. To the
best of our knowledge, this assessment has not previously been performed in premature
neonates during SSC. Differences in body mass, gestational age, the thermal insulation of
clothing, and care procedures can modify heat exchanges with the environment and, thus,
mask small differences in body heat losses—especially in fairly small series with a greater
probability of confounding factors.
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In the present study, we chose to calculate the mean body temperature because it
is reportedly a reliable index of body cool stress [23,24]. This choice was also based on
older literature data [21,22], according to which body temperature stability depends on
the regulation of heat flows between the skin surface and the environment (i.e., body
heat storage) rather than the body’s internal temperature alone. Using a model, thus,
avoids the need to measure the infant’s body temperature (e.g., rectal temperature) very
frequently. Although the rectal temperature is still the gold standard body temperature,
it is particularly invasive in premature newborns. There is a risk of anal perforation, and
vagal stimulation can lead to arrhythmia, bradycardia, and apnea [41]. Tympanic and
axillary measurements are less invasive but have to be corrected, and the magnitude of the
correction is subject to debate in the literature.

Our study had a number of limitations. Firstly, the mannequin does not mimic
convective and evaporative heat losses from the skin and the respiratory system, which
have to be estimated mathematically (Equations (2), (3) and (5)). One of the determinants
of skin evaporation is the fraction of body area that is wetted, which is based on a very
old literature value from a study in adults [30]. This value is probably an underestimate in
neonates, whose thin skin lacks keratin and is very permeable to water vapor [42]. Secondly,
our model did not take into account changes over time in the thermal states of the mother
and the neonate; we considered solely the variables known or assessed at birth. It would
be interesting to measure changes over time in the skin temperature of the mother’s trunk
using infrared thermography. To the best of our knowledge, there are no literature data on
these determinants of heat losses.

5. Conclusions

During early SSC with a Ta of 25.9 ◦C (as recommended by the WHO), homeothermy
can be maintained but only when the premature neonate and the mother are well covered
with porous fabrics (Icl ≥ 0.15 m2 ◦C/W) and when the level of metabolic heat production
is high (M: 2.70 W/kg). With a Ta of 20.9 ◦C, moderate hypothermia (requiring moni-
toring of the neonate’s thermal status) was estimated—except for M = 2.70 W/kg and
Icl = 0.21 m2 ◦C/W.
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