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Abstract In closed incubators, radiative heat loss (R)
which is assessed from the mean radiant temperature (7,)
accounts for 40-60% of the neonate’s total heat loss. In the
absence of a benchmark method to calculate T,—often
considered to be the same as the air incubator tempera-
ture—errors could have a considerable impact on the ther-
mal management of neonates. We compared 7', using two
conventional methods (measurement with a black-globe
thermometer and a radiative “view factor” approach) and
two methods based on nude thermal manikins (a simple,
schematic design from Wheldon and a multisegment,
anthropometric device developed in our laboratory). By
taking the 7, estimations for each method, we calculated
metabolic heat production values by partitional calorimetry
and then compared them with the values calculated from
Vo2 and Vcoz measured in 13 preterm neonates. Compari-
sons between the calculated and measured metabolic heat
production values showed that the two conventional meth-
ods and Wheldon’s manikin underestimated R, whereas
when using the anthropomorphic thermal manikin, the
simulated versus clinical difference was not statistically
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significant. In conclusion, there is a need for a safety stan-
dard for measuring T, in a closed incubator. This standard
should also make available estimating equations for all
avenues of the neonate’s heat exchange considering the
metabolic heat production and the modifying influence of
the thermal insulation provided by the diaper and by the
mattress. Although thermal manikins appear to be particu-
larly appropriate for measuring 7,, the current lack of
standardized procedures limits their widespread use.

Keywords Thermal manikin - Thermoregulation -
Radiant heat loss - Premature neonates - Nursing care

Introduction

For neonates nursed in closed incubators, providing an
optimal thermal environment (currently defined as ther-
moneutrality) is a priority not only for survival and growth
but also for the stability of various physiological functions.
At thermoneutrality, the brain’s body temperature control
centre does not receive significant thermal inputs from skin
and/or internal receptors. This corresponds to a range of
ambient temperature within which body temperature is
mainly regulated by changing peripheral blood flow, with
no regulatory changes in metabolic heat production or
skin evaporative heat loss. A normal body temperature is
maintained by the balance between metabolic heat pro-
duction (M) and body heat dissipation through conduction
(K), evaporation (E), convection (C), radiation (R) and
evaporative (E,s,) and convective (Ciesp) Tespiratory heat
losses. Today, optimizing and monitoring this optimal
thermal environment in closed incubators remains a chal-
lenge. In practice, the thermal performance of incubator
focuses solely on air temperature (7,), since this parameter
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can be controlled easily and accurately. However, this type
of control does not take account of all the environmental
parameters such as air velocity that modifies convective
and evaporative heat losses, incubator wall temperatures
which alter radiant heat exchange and air humidity which
changes evaporative skin cooling. In addition, the reduc-
tion of the thermal exchanges due to the diaper is never
taken into account. Even though radiative heat loss (which
depends on the mean radiant temperature, T,) accounts for
as much as 40-60% of the neonate’s body heat losses (Hey
and Mount 1967; Swyer 1978; Wheldon 1982; Bell and
Rios 1983; Hammarlund et al. 1986) in closed incubators,
there are currently no recommendations on how T, should
be measured (in terms of both the method used and the
degree of accuracy required).

Researchers are now working to better understand the
thermal environment in incubators and thus improve the
level of care for high-risk neonates. This work involves
the development of computer programs which model the
various body heat losses and gains (Helder et al. 1976; Bell
and Rios 1983; Adams et al. 2000; Lyon and Oxley 2001;
Museux et al. 2008) and algorithms which define an
environmental (or operative) temperature on the basis of T,
and T, (Perlstein et al. 1976; Atherton et al. 1994), rather
than 7, only. Recently, computational fluid dynamics
(CFD) has also been successively used to describe the
thermal interaction between the neonate body and its
environment (Ginalski et al. 2007, 2008). The CFD mod-
els’ reliability was confirmed by comparing the results with
literature data on heat losses from neonates and thermal
manikins. In addition to this research on the thermal
environment during nursing care, other mathematical
models (Jardine 1992; Bolton et al. 1996; Agourram et al.
2010) have been designed for the assessment of critical
situations, which, for ethical reasons, cannot be studied in
neonates (such as exposure to severe cold or heat stress).
The key input components of all these programs are the
skin, air, and mean radiant temperatures and the humidity.
Given that T, is not measured in currently marketed
incubators, most studies analysing or modelling radiative
heat transfer adopt alternative approaches in which T, is
considered to be equal to the inner wall and mattress sur-
face temperatures (Perlstein et al. 1976; Atherton et al.
1994; Adams et al. 2000; Lyon and Oxley 2001) or the
incubator temperature (Jardine 1992).

In the present study, 7, was assessed in four funda-
mentally different procedures based on either standard
equations or thermal manikins. The first (“GT”) method
involved the use of a conventional, matt-black, copper
globe thermometer. This method is commonplace in the
assessment of thermal environments for human occupation
but has rarely been used in incubators (Silverman et al.
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1966; Hey 1968). The second (“VF”) approach used body
and incubator wall “view factors” to calculate the plane
radiant temperature. The third method (WH) is a mathe-
matical equation developed by Wheldon (1982) via a
manikin representing a neonate by simple geometrical
body shapes. The fourth and last manikin (MAN) approach
used a multisegment, anthropomorphic, thermal model
developed in our laboratory; it represents a small-for-
gestational-age neonate and takes into account the body’s
thermal heterogeneity and different segment shapes.

To the best of our knowledge, no comparative study of
these different approaches has ever been published. Indeed,
given the lack of a benchmark or standardized validation
procedure, there is no evidence to suggest that any one
method is better than the others in predicting T,. With a
view to solving this problem, we compared the calculated
and clinical values of metabolic heat production. The
clinical values (M) were evaluated from the measured
values of Vo2 and VCOz’ using a well-established method
(indirect respiratory calorimetry). Metabolic heat produc-
tion (M) calculated by partitional calorimetry (Adams et al.
2000; Museux et al. 2008) consists in calculating the sum
of the body heat losses (C + K + E + Eieqp + Cresp) and
R calculated from the T, value estimated by each of the
four approaches mentioned above. This comparison is
based on the fact that at thermoneutrality, there is a thermal
equilibrium between the neonate’s body and the environ-
ment in which M balances the heat losses [M or M,.; =
—(R+ C+ K+ E + Eesp + Cresp)]. We considered that
the most appropriate approach for measuring T, would
most reliably predict the clinical values (M) calculated
from respiratory gas exchanges.

Methods

Assessment of the mean radiant temperature (7 ,):
laboratory tests

The experiments were performed in the laboratory in a
climatic chamber in which the room and wall temperatures
were 24.87 £ 0.26 and 24.52 £ 0.17°C, respectively; this
corresponds to the ambient conditions usually encountered
in a neonatal intensive care unit (NICU).

T, was measured in a convectively heated, closed
incubator (the ISIS+® from Médipréma, Tours, France).
The incubator was operated in air temperature mode con-
trol, in which the incubator air temperature was randomly
set at five values: 29.39 + 0.01, 30.00 &+ 0.03, 30.99 +
0.01, 32.01 £ 0.01 and 33.02 £ 0.01°C (corresponding
to the range of values encountered in the NICU). The
incubator’s inner surface temperatures were continuously
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measured by thermistor probes (Yellow Springs Instru-
ments; Yellow Springs, OH, series 409A, accuracy £0.1°C)
placed in the centre of each wall. The mattress surface
temperature was recorded by five attached thermistors (4 in
the corners and one in the centre of the mattress’s upper
surface). All the temperature sensors had been previously
calibrated in a water bath at temperatures ranging from 20
to 45°C. The air velocity was measured with a hot-globe
anemometer (Testo 490 from Testo, Forbach, France,
accuracy +0.05 m s™') and was always below 0.15 m s
(indicating the absence of forced convection). Air velocity
and incubator temperature were measured at a point 10 cm
above the centre of the mattress upper surface, as recom-
mended by American National Standards (1997).

Conventional methods

The GT method used a black-globe thermometer (diameter
15 cm, wall thickness 0.6 mm, emissivity 0.97), in the
centre of which a temperature sensor is fixed (Standard ISO
7726 2002). The globe was positioned 10 cm above the
centre of the mattress. T, was calculated from the globe
temperature (7, °C) and the air incubator temperature (7,,
°C) by applying the following equation used under natural
convection conditions:

0.25
(

T, = |(Ty +273)" + 0.4 x 10%|T, — T,

0.25
T, — Ta)}

—273. (1)

The VF approach was based on weighting the surface
temperatures of the incubator’s inner walls and mattress
with “view factors” which depend on the body’s projected
surface area on the incubator’s walls. Each view factor
depends on (a) the wall’s dimensions, (b) its orientation
relative to the neonate and (c) the wall-body distance. In
the present study, the “view factors” for each incubator
wall and mattress were calculated as follows:

1 0
F:—/COS2 szz/CoseldAl, (2)
T

T

where dA; is a small surface area on the neonate, dA, a
small surface area on the incubator wall, r the distance
between dA; and dA,, 0, the angle between the normal to
the area dA, and the line between dA, and dA, and 0, is the
angle between the normal to the area dA, and the line
between dA; and dA,. Integration was performed over the
surface areas of the incubator walls and the body.

T, was calculated by weighting the wall and mattress
temperatures according to each calculated “view factor”,
as follows:

T, = 0.226 Ttw + 0.136(TLw + Trw) + 0.036(Trw
+ Tpw) +0.429 T}y, (3)

where Ttw, Tiw, Trw, Trw and Tgw are the surface tem-
peratures of the top, left lateral, right lateral, front and rear
walls, respectively, and T, the temperature of the mattress
surface (°C).

As expected, the calculated projected area factors were
greatest for the incubator wall above the neonate and for
the mattress.

Methods using manikins

The WH method used the equation defined by Wheldon
(1982) on the basis of measurements of incident radiation
with thermopile radiometers at 10 positions over the sur-
face of a nude simple-shaped manikin. The latter sche-
matically represents a 3.3-kg neonate (i.e. a simple
combination of smooth cylindrical forms: a spherical head,
a cylindrical trunk and 4 cylindrical limbs):

T, = 1.43 +0.761 T, + 0.169 Troom, (4)

where T, and T}, are the air temperatures in the incubator
and the nursery room, respectively (in °C). The manikin’s
surface temperature was uniform over the different body
segments.

Finally, the MAN approach used a black-painted man-
ikin (6 body segments) with locally controlled surface
temperatures. The manikin represents a small-for-gesta-
tional-age neonate with a body surface area of 0.086 m”
and a simulated weight of 900 g. The body shape repro-
duces the fingers, toes, eyes, mouth, ears and nose—each
with the appropriate body angles. It has been extensively
validated and described in detail elsewhere (Elabbassi et al.
2004; Belghazi et al. 2006; Museux et al. 2008). The nude
manikin was placed in a relaxed supine position on the
mattress, with the face turned to the side (with the arms
parallel to and 1.0 cm away from the trunk and the legs
spread apart at 1.7 cm from the axis). The anthropomor-
phic thermal manikin takes account of an infant’s anatomy,
since the latter is an important factor in heat loss (espe-
cially within the complex thermal environment of an
incubator). The head and limbs can be manipulated to
reproduce postural changes. In contrast to other models
described in the literature, our manikin’s surface temper-
ature was not uniformly constant and accurately reflects the
observed thermal heterogeneity for the various body
regions. Hence, we were able to set precise, constant sur-
face temperatures for each of the six segments. The surface
temperatures of the manikin were recorded by thermistors
(CTN Sciences, 10 kQ at 25°C, accuracy: 0.1°C) protected
from radiant energy by an aluminium foil patch.

Under steady-state thermal situations, the electric heat
power supplied to each segment’s resistance wires balances
the heat lost to the environment. In contrast to the
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Table 1 Temperatures of the anthropomorphic thermal manikin

Temperature Manikin ~ Set temp. 1 Delta Set temp. 2 Delta Set temp. 3 Delta Set temp. 4 Delta Set temp. 5 Delta

Segment 29.39 £+ 0.01 30.00 £ 0.03 30.99 £ 0.01 32.01 £ 0.01 33.02 £ 0.01

T head B 3530 £0.01 0.04 3530+ 0.01 0.07 3530£0.03 0.09 35354005 0.05 3539=+0.03 0.01
FC 35.34 £ 0.05 35.37 £ 0.05 35.39 +£ 0.02 35.40 £ 0.01 35.40 £+ 0.02

T trunk B 34.80 £ 0.01 0.01 34.80 +£0.01 0.00 3480+ 0.01 0.01 3480+ 0.01 0.02 34.81 £0.02 0.03
FC 34.81 £+ 0.03 34.80 £+ 0.02 34.81 + 0.03 34.82 £+ 0.04 34.84 £+ 0.05

T right arm B 3229 £ 0.03 0.02 32304002 0.01 32314002 0.08 3237+0.05 0.15 3249+ 0.02 0.03
FC 32.31 £ 0.03 32.31 £ 0.05 32.39 + 0.03 32.52 + 0.05 32.52 + 0.04

T left arm B 3225 +£0.05 0.06 3228 £0.04 0.07 3230+001 0.10 3238 +0.04 0.02 3238 +0.02 0.02
FC 32.31 £ 0.04 32.35 +£ 0.05 32.40 £+ 0.01 32.40 £+ 0.03 32.40 £+ 0.03

Trightleg B 3439 £ 0.05 0.03 3439 £ 005 0.04 3441 +005 0.03 34424005 0.03 3444 +0.05 0.04
FC 34.42 £+ 0.05 34.43 £+ 0.05 34.44 + 0.04 34.45 £+ 0.05 34.48 £+ 0.05

T left leg B 3425 £ 0.05 0.04 3427 £005 0.03 3429 +0.03 0.01 3430+0.02 0.01 3431 +0.03 0.03
FC 34.29 £+ 0.03 34.30 £+ 0.02 34.30 + 0.02 34.31 £+ 0.03 34.34 £+ 0.05

T B 3432 £ 0.03 0.03 34324002 0.04 3433 4+003 0.05 3436+0.03 0.04 3439 +0.03 0.03
FC 34.35 + 0.04 34.36 + 0.04 34.38 + 0.03 34.40 £+ 0.03 34.42 + 0.04

Mean values £ 1 SD of surface temperatures (°C) of each segment (head, trunk, right and left arms, right and left legs and skin) of the black
(B) and foil-covered (FC) manikins for the five incubator set temperatures. Values are mean £ 1 SD. Delta (°C) is the local surface temperature
difference between the B and FC manikins. 7 (°C) is the mean surface temperature

Wheldon’s method, the heat fluxes were measured across
the manikin’s surface area as a whole.

The heat power (P, W m~2) supplied to the manikin was
measured and fed into the following equation:

P = oeA,[(Ts + 273)* — (T, + 273)*] + C + K, (5)

where ¢ is the Stephan-Boltzmann’s constant (5.67 X
1078 Wm™2 K_4), ¢ the emissivity of the black surface
(0.97), A, the percentage of effective radiating surface area
(0.66; Agourram et al. 2010), T, and T the mean radiant
and the mean surface temperatures, respectively (°C), and
C and K are the convective and conductive heat losses,
respectively (W m™?).

In a second step, we tightly wrapped the manikin in
highly reflective aluminium foil (emissivity ¢, = 0.05), in
order to minimize the risk of increasing the degree of
thermal insulation by entrapped air. The heat power (P,,
W m~?) supplied to the foil-covered manikin was:

P, = 0e,A[(Ts +273)" — (T, +273)"] + C + K. (6)

The surface temperatures of the black and foil-covered
manikins were held constant, so as to prompt the same
convective and conductive heat losses to the environment.

Under these conditions and at any given incubator
temperature, the equation becomes:

P—P,=0A[(T,+273)" — (T, +273) (¢ —ea)  (7)
and the mean radiant temperature T, (°C) can be expressed as:

T, = (T, +273)* + (Pu — P) /(0 (2 — e4)A,)]/* — 273.
(8)
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The local surface temperatures are shown in Table 1. The
mean surface temperatures (weighted according to the local
temperatures and the relative surface area of each segment)
were 34.34 + 0.03 and 34.38 £ 0.04°C for the black and
foil-covered manikins, respectively—very close to the
values measured with infrared thermometry on preterm
neonates nursed at thermoneutrality in a closed incubator
(see validation of the different approaches: clinical tests).
Irrespective of the experimental conditions, the variability in
the surface temperatures from one trial to another (i.e. the
coefficient of variation, derived from the ratio between the
standard deviation and the mean) was always below 0.03%.
The local and mean temperature differences between the
black and foil-covered manikins did not exceed 0.15°C (set
temperature 4, right arm region) and 0.05°C, respectively,
showing that the degree of insulation provided by the
aluminium foil was negligible. The slightly higher mean
surface temperatures recorded for the foil-covered manikin
resulted in slight overestimations of the convective (C) and
conductive (K) heat losses (i.e. the heat power supplied to the
manikin). In our experiments, these overestimates [assessed
using Eqs. 12 and 14 (see below) and ranging between 0 and
0.004 W m~?] were negligible.

To assess the repeatability of the measurements, five
trials were performed for each of the five incubator air
temperatures and each of the four methods (i.e. 100 mea-
surements in all). The experiments with the globe ther-
mometer and the various manikin configurations were
performed in random order. After a period of at least
45 min necessary to reach a steady state, each measure-
ment lasted for 1 h.
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Validation of the different approaches: clinical tests
Subjects

The clinical study was performed in the neonatal intensive
care unit at Amiens University Hospital, France. Neonates
were only enrolled after their parents had been informed of
the protocol and had given their written consent. The study
protocol had been approved by the Picardy Regional Ethics
Committee. Thirteen preterm neonates were recruited
(mean £ 1 SD birth weight 1,580 £ 263 g, gestational age
30.7 £ 2.3 weeks, postnatal age 39 £ 9 days). The mean
body mass at the time of the study was 2,100 &+ 131 g.
Neonates with neurological disorders, apnoea episodes
longer than 20 s or bradycardia (defined as a drop in
instantaneous heart rate below 90 beats min~') or on spe-
cial diet were not included in the study. All the included
neonates were stable, healthy and gained weight during the
study. None received oxygen or phototherapy at the time of
the study. They were nursed at thermoneutrality in a skin
temperature-servo-controlled ISIS+® from Médipréma
(Tours, France), i.e. an incubator similar to that used in the
laboratory for the assessment of T,. The incubator air
temperature was monitored using a skin probe covered by
an aluminium patch and taped on the midline between the
umbilicus and the hepatic body region. The servo-control
set-point was 36.8-37.0°C, which corresponds to a ther-
moneutral environment (Oliver 1965; Scopes and Ahmed
1966; Hey and Mount 1967; Knobel et al. 2010). For
preterm infants, the minimal values of oxygen consumption
were found for this value of abdominal skin temperature
(Malin and Baumgart 1987). The neonates wore a diaper
(made out of cotton and a plastic film and covering 15.4%
of the total body skin surface area, weight 29.8 g) and lay
in a supine position on a hard, plastic foam mattress cov-
ered by two cotton sheets (total thickness 5 cm).

Air velocity, temperature and humidity were measured
at a point situated 10 cm above the centre of the mattress,
as recommended by corresponding American National
Standards (1997). During the tests, the mean incubator air
temperature was 31.9 £ 0.7°C and the mean relative air
humidity [recorded with a resistive thin-film sensor (RHU
207 from General Eastern, Mulhouse, France)] was
43 4+ 10%. The air velocity was always below 0.15 m s~ .

All the experiments were performed on the morning in a
quiet room adjacent to the NICU. The room was climate-
controlled (room temperature 23-25°C, relative air
humidity 30-58%) and protected against strong sunlight.
The mean radiant temperature in the room (measured with
a globe thermometer) and the air temperature never dif-
fered by more than 0.5°C. The environmental temperatures
were similar to those encountered during laboratory tests.

The body segments’ skin temperatures were measured
non-invasively with an infrared camera [the Thermovision
550 from AGEMA (Danderyl, Sweden); sensitivity
40.1°C at 30°C, accuracy £2°C between 20 and 250°C].
Infrared scans were made through an aperture in the roof
and the doors of the incubator’s sidewalls over short
periods of time (30-60 s). The camera’s emissivity was
calibrated with respect to a thermistor probe taped to the
skin of the abdominal region before each experiment.
Image analysis software (ThermaCAM™ Reporter, FLIR
Systems, Boston, MA) was used to calculate the surface
temperatures from the different coloured areas (outlined
as geometrical shapes). For each neonate, five pictures
were obtained for each body segment and the datasets
were independently evaluated by two experimenters. The
overall mean skin temperature Ty was calculated as the
average of local skin temperatures, weighted according to
each body segment’s the relative surface area (Museux
et al. 2008):

Tsk = 0.17 Tyeaa + 0.34 Tlegs + 0.34 Tirunk + 0.15 Tarms.-
9)

Given that the neonate was lying in the supine position
on the mattress, it was not possible to measure the skin
temperature under the diaper and for the back (in contact
with the mattress). In order to reduce colour distortion
errors near to body edges, we limited our analysis of the
thermograms to anterior and lateral projections.

Metabolic heat production, calculated by partitional
calorimetry (M)

For each infant, metabolic heat production (M, W m?)
was determined by partitional calorimetry. At thermoneu-
trality, M balances the body heat losses to the environment:

M=—(R+C+K+E+ Eep+ Cresp), (10)

where R, C, K and E are the radiative, convective, con-
ductive and skin evaporative heat losses, respectively, and
Eresp and Ci, are the evaporative and convective respi-
ratory heat losses, respectively. All body heat exchanges
were expressed in W m~2. The goal of this method was to
calculate M by modulating the value of one type of heat
transfer (R, derived from T, assessed with the four methods
described above) while the other transfers (C + K +
E + Eep + Cresp, which do not depend on T,) remain
constant, i.e., the difference in calculated metabolic heat
production values only depends on 7,.

Radiative heat loss was calculated from the Stefan-
Boltzmann’s law:

R = aeA,[(T, + 273)* — (Tg +273)*| Fu, (11)
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where ¢ is the Stefan-Boltzmann’s constant (5.67 x 1078
W m 2 K™%, ¢ the skin emissivity (0.97), T, and Ty the
mean radiant and skin temperatures (°C), respectively, A,
the percentage of the neonate’s surface area exchanging
heat by radiation and F, is the reduction factor for dry heat
exchanges due to the diaper (0.81; Museux et al. 2008).
The effect of clothing is described as a reduction factor
compared to nude conditions.

In order to take account of the body surface area
involved in radiative heat exchanges, calculations of R
were made with the neonate in a relaxed (A, = 0.66) and a
spread-eagle (A, = 0.74) positions, i.e. the body positions
commonly adopted by neonates nursed at thermoneutrality.
In the spread-eagle position, A, was calculated as the
proportion of the effective radiating surface area assessed
for sedentary adult (0.84) (Kubaha et al. 2004) minus the
fraction of the surface area in contact with the mattress
(0.095) (Agourram et al. 2010).

The convective heat loss depends on the difference
between the incubator air (7,,) and mean skin temperatures

(Tsk)l
C = heAd(T, —

Tsk)Fcla (12)

where h. is the convective heat transfer coefficient
(2.99|T, — T 0% wec-! m~2) and A, is the percentage
of the neonate’s surface area exchanging heat by convec-
tion. The value was determined by taking into account the
area in contact with the mattress (0.095) and the proportion
of the upper part of the trunk covered by the diaper (0.092):
A, = 1-0.095-0.092 = 0.81.

Skin evaporative heat loss (E) was calculated as
follows:

E = heAew(PsHZO - PaHQO) chl7 (13)

where w is the skin wettedness (0.06 in a thermoneutral
environment, when no sweating occurs) (Gagge 1937), A,
the percentage of the neonate’s surface area exchanging
heat by evaporation (A. = Ae), Psu,0 — Pan,0 the differ-
ence between the skin vapour pressure at saturation (Pg,0)
and the air (P,u,0) partial water vapour pressures (kPa),
Fyo1 the reduction factor for latent heat loss due to the
diaper 0.83 (Museux et al. 2008) and h, is the evaporative
heat transfer coefficient (W m~? kPafl), which is calcu-
lated from A, using Lewis’ equation (k. = 16.7 h.) (Lewis
1922).

Conductive heat loss (K) between the skin (T, °C) and
the mattress surface (7},, °C) temperatures was calculated
as follows:

K = hgAx(Tm — T, (14)

where hyx is the conductive heat transfer coefficient
(021 Wm™2°C™"; Apedoh et al. 1999) and Ay is the
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percentage of the neonate’s surface area exchanging heat
by conduction (0.095).

The convective (Cyesp) and evaporative (E.g,) respira-
tory heat losses were calculated as follows:

Cresp = (0'277VE(T6 - Tl)cp)/AD (15)
Eresp = (0.277VgS(me — m;)) /Ap, (16)

where C,, is the heat capacity of air (1.044 kJ kg~'eCc™h,
T. — T, the temperature difference between expired (7)
and inspired (7; = T,) air (°C), 0 the latent heat of
vaporization (2.43 kJ g~' of water), Vg the pulmonary
ventilation (kg hfl) and m. — m; is the difference in water
content (kg water kg dry airfl) between expired (m.) and
inspired air (m;). The values were converted in watt (since
1kIh™' = 0277 W).

The total body surface area (Ap, cm?) was calculated
from Boyd’s (1935) equation while taking account of each
neonate’s body mass (W,, g):

AD: 4.688 Wt(0.816870,015410th)' (17)

T. was calculated with Hanson’s equation cited by
Adams et al. (2000):

T, = 32.6 + 0.066T, + 32 H,0;, (18)

where H,O;, is inspired water vapour in g L™".

The water constants in inspired (m;) and expired (m,) air
were calculated as recommended by the Standard ISO 7726
(2002):

m = 0.622 x (PHZO/(PB — PHZO)); (19)

where Py is the barometric pressure (kPa) and Py,o is the
partial pressure of water vapour in inspired (Py,0i) Or
expired (Pp,0c) air (kPa), expressed as follows:

PHZO =0.611 e((17.27 T)/(T+237.3))’ (20)

where T is the temperature of expired (7.) or inspired
(T; = T,) air.

The calculations were based on the individual values of
skin temperature (measured by infrared thermometry;
34.14 + 0.10°C, on average) of incubator air temperature
(31.93 £+ 0.73°C) and of relative air humidity (43 £ 10%).
The abdominal skin temperature was 36.70 £ 0.20°C, on
average.

Metabolic heat production measured by indirect
respiratory calorimetry (M)

Metabolic heat production by each neonate was assessed
using a well-established method (indirect respiratory calo-
rimetry). An open-circuit respiratory device was used to
measure the concentrations of O, and CO, in the outflowing
air captured by a silicon face mask (reference No. 0, Glaxo
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Wellcome, Les Ulis, France) attached to a pneumotacho-
graph (Statice Santé® Corp., Besancon, France). The mask
was fitted to the infant and positioned as recommended by
Stocks et al. (1989) and care was taken to avoid leakage
(total instrumental dead space 1.35 ml). The flow signal
was converted into an analogue signal via a pressure
transducer (DP45-16, Validyne Corp, Northridge, CA,
USA; accuracy 220 mmH,O) driven by a Gould amplifier
(Carrier 13-G465, Gould Inc., Cleveland, OH). The tidal
volume was integrated to yield breath-by-breath measure-
ments of pulmonary ventilation. The pneumotachograph
was calibrated before each experiment by injection of
known air volumes at different rates with a syringe. O, and
CO, in the outflowing air were measured online and
breath-by-breath with a mass spectrometer (MGA 1100,
Perkin-Elmer, Pomona, CA, USA, variability below 10%,
full scale O, 100%). The gas was drawn into the analyser at
18 ml min~" through a capillary tube inserted into the
lumen of the pneumotachograph.

Volumes were corrected to standard temperature (0°C),
dry pressure (101.3 kPa). VO2 and Vcoz were calculated
online. Measurements were made at least 1 h after a bot-
tle feed (to minimize postprandial changes in M) and
during well-established quiet or active sleep (as judged
from electroencephalograms and eye movements). Sleep
stages were scored in 30-s intervals according to Curzi-
Dascalova and Mirmiran (1996). At least 4 min elapsed
before the start of data recording, ensure that no change
occurred in the state of alertness. Metabolic heat produc-
tion (M,er, W m~2) was assessed using Lusk’s (1928)
equation:

Myt = (4.425 4 1.429 RERVG,) Ap!, (21)

where RER is the respiratory exchange ratio between Vo,
and Vcoz (dimensionless), Ap the skin surface area of the
neonate (mz) and VO2 and VCO2 are expressed in L h L.

In order to take account of sleep stage differences in
metabolic activity, M, was calculated with Vo2 and Vcoz
values measured within each sleep stage (at least 2-6
times) and weighted according to the relative duration of
quiet or active sleep, expressed as a proportion of total
sleep time.

Statistical analysis

T, values measured with the four methods were compared
in a non-parametric Kruskal-Wallis test.

Radiative heat loss and metabolic heat production were
compared using a non-parametric Friedman test and
then by a Wilcoxon post hoc test. The threshold for sta-
tistical significance was set to 0.05. Values are given as
mean £ 1 SD.

Results

Determination of the mean radiant temperature (7',)
using the different approaches

Table 2 shows (a) the mean values of the environmental
parameters recorded in the incubator, (b) the heat power
supplied to the black and the foil-covered manikin and (c)
the T, values estimated with the different approaches when
the incubator air temperature (7,) varied between 29.39
and 33.02°C. The fluctuations in the heat power supply to
the manikin over 1 h ranged between 1.00 and 2.20% for
the black manikin and between 1.40 and 5.30% for the foil-
covered manikin. 7, values were always below the incu-
bator temperature; the smallest differences were observed
for the GT method (ranged between 0.48 and 0.84°C) and
the greatest were seen with the MAN method (ranged
between 2.06 and 3.22°C). T, values differed significantly
from one approach to another (H = 29.430, p < 0.001) and
as a function of the different incubator air temperature
levels (H = 66.323, p < 0.001).

Since it is impossible to measure 7, during the clinical
tests with the neonate, we fitted a linear equation to the
relationship (degrees of freedom = 23) between T, and
values of T, centred around 31.93°C (which corresponds
to the mean air temperature recorded in the incubator).
For a room temperature of 23-25°C, the relationships
were:

Globe thermometer (r* = 0.997; SE = 0.010) :
T, =0.881 (T, — 31.93) + 31.44 (22)

View factors (r* = 0.993; SE = 0.014) :
T, = 0.833 (T, — 31.93) + 30.39 (23)

Wheldon’s equation (r* = 0.999; SE = 0.002) :
T, = 0.760 (T, — 31.93) + 29.88 (24)

Anthropomorphic manikin (7> = 0.905; SE = 0.049) :
T, = 0.724 (T, — 31.93) + 29.00 (25)

where SE is the standard error of the slope.

Comparison of measured (M,.r) and calculated (M)
metabolic heat production values

The different modes of body heat loss were calculated using
partitional calorimetry (Fig. 1). The radiative body heat
losses were assessed for the neonates in relaxed and spread-
eagle positions from the respective 7, values calculated in
Eqgs. 22-25 from incubator air temperatures measured for
each neonate. The sum of (C + K + E + Eeqp + Cresp)
was 18.28 +=4.13 W m72, whereas for GT, VF, WH and
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Table 2 Environmental temperatures in the incubator

T, (°C) Set temp. 1 Set temp. 2 Set temp. 3 Set temp. 4 Set temp. 5
29.39 £ 0.01 30.00 £ 0.03 30.99 £ 0.01 32.01 £ 0.01 33.02 + 0.01
Trw 26.96 £ 0.13 27.27 £ 0.14 27.80 £ 0.17 28.40 £ 0.16 28.98 £+ 0.17
Tiw 27.34 £+ 0.09 27.69 £ 0.09 28.28 £+ 0.07 28.93 £+ 0.07 29.55 + 0.06
Trw 28.75 £ 0.02 29.36 £+ 0.05 30.37 £ 0.03 31.42 £ 0.03 32.45 + 0.04
Trw 27.60 £+ 0.05 28.02 £+ 0.06 28.71 £+ 0.05 29.45 £+ 0.05 30.19 £+ 0.05
Tew 28.40 £+ 0.02 28.99 £+ 0.04 30.00 £+ 0.04 31.03 £+ 0.06 32.06 + 0.07
Tm 28.62 £+ 0.10 29.30 £+ 0.13 30.12 + 0.08 30.95 + 0.03 31.88 £ 0.13
P 102.98 £+ 0.84 97.00 £+ 0.93 86.04 + 0.73 73.42 £ 0.73 59.12 £ 041
P, 75.71 £ 041 70.69 £+ 1.04 61.73 £ 0.73 51.57 £ 0.84 41.97 +£ 0.52
T, 29.02 £ 0.11 29.61 £ 0.18 30.49 £ 0.11 31.37 £ 0.18 3240 £ 0.11
T, GT 2891 £+ 0.10 29.47 £+ 0.07 30.35 £ 0.02 31.17 £ 0.02 32.20 £+ 0.07
T, VF 28.20 £+ 0.07 28.89 £ 0.01 29.56 £+ 0.05 30.56 £+ 0.01 31.24 £ 0.06
T, WH 27.94 £+ 0.01 28.39 £+ 0.02 29.15 + 0.02 29.93 £+ 0.01 30.69 £+ 0.03
T. MAN 27.33 £ 0.19 27.59 + 047 28.11 £ 0.20 28.79 + 0.20 30.04 £+ 0.11

Means values & 1 SD of the surface temperatures (in °C) of the mattress (7},,) and the right lateral (Trw), left lateral (71 w), top (Trw), front
(Tgw) and rear (Tgw) walls of the incubator. The heating powers (in W mfz) supplied to the black (P) and foil-covered (P,) manikins, the globe
temperature (7, °C) and the mean radiant temperatures (7}, °C) for each approach (GT globe thermometer, VF view factors, WH Wheldon’s
equation and MAN Manikin method) for the five incubator set temperatures (7,) are also indicated

MAN, respectively, R was 10.16 & 2.31, 14.06 £ 2.16,
15.94 & 1.96 and 19.14 + 1.85 W m2 in a spread-eagle
position (accounting for 35, 43, 47 and 51% of the whole
body heat losses for GT, VF, WH and MAN, respectively)
and 9.06 £ 2.06, 12.55 £ 1.93, 14.22 + 0.63 and
17.08 4+ 1.65 W m~2 in a relaxed position (33, 41, 44 and
48% of the whole body heat losses, respectively). For each of
the positions, the magnitude of R differed significantly from
one method to another (Xz = 39.000, p < 0.001). In spread-
eagle position, in comparison with our anthropomorphic
manikin, GT (z = —3.183, p = 0.002), VF (z = —3.185,
p = 0.002) and WH (z = —3.185, p = 0.002) underesti-
mated the degree of body cooling by radiation. We observed
the same results for the relaxed position: GT (z = —3.180,
p = 0.002), VF (z = —3.180, p = 0.002) and WH (z =
—3.180, p = 0.002).

Table 3 shows the metabolic heat production values mea-
sured in the 13 preterm neonates. Individual values are
reported in order to emphasize the inter-neonate variation in
M., which is specific to growing organisms (Bach et al.
2000). As described above, M, was measured by indirect
respiratory calorimetry from Vo, and Vco, or calculated by
partitional calorimetry (M) using the different T, estimates
(Mgt, Myg, My and Myan). The mean values of Voz and
Vco, were 8.31 & 0.89 and 8.09 + 1.13 ml min~' kg™,
respectively (mean respiratory quotient: 0.97 £ 0.16). Com-
parisons between calculated and measured data revealed that
the M values differed significantly from one method to another
(> = 38.338, p < 0.001 for the spread-eagle position and
¥* = 40.923, p < 0.001 for the relaxed position). There was
no difference between M,; and Myan for the spread-eagle
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Fig. 1 Mean values (£1 SD) for the different body heat loss modes
(calculated by partitional calorimetry) for 13 preterm neonates during
clinical tests. Convection (C), respiratory evaporation (Er.p), skin
evaporation (E), conduction (K), respiratory convection (Cresp) and
radiation (R) from the neonate’s body are represented by the different
columns. GT Globe thermometer, VF view factors, W Wheldon’s
equation, MAN Manikin. Only the R values differ as a function of the
methods used to assess 7,. The sum C + E + K + Cresp + Eresp 18
constant (18.28 + 4.13 W m™?). Open and filled bars correspond to
R values calculated for neonates in the spread-eagle and relaxed
positions, respectively

position (mean difference: +0.25 W m72, z = —0.035,
p = 0.972) or the relaxed position (mean difference:
—1.82Wm2z= —1.233,p = 0.221). A similar result was
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Table 3 Individual metabolic heat production values
Neonate M, ¢ Spread-eagle position (A, = 0.74) Relaxed position (A, = 0.66)

MGT MVF MWH MMAN MGT MVF MWH MMAN
1 35.54 24.83 28.84 30.84 34.12 23.88 27.45 29.24 32.16
2 31.70 22.92 26.95 28.98 32.27 22.04 25.63 27.45 30.39
3 35.46 21.20 25.27 27.36 30.68 20.39 24.02 25.89 28.85
4 40.06 42.69 46.23 47.62 50.56 41.04 44.21 45.45 48.07
5 41.15 37.61 41.34 42.98 46.06 36.16 39.49 40.95 43.69
6 32.82 32.01 35.83 37.59 40.71 30.78 34.18 35.74 38.54
7 32.59 25.73 29.72 31.69 34.96 24.74 28.30 30.06 32.97
8 37.18 24.72 28.70 30.68 33.94 23.77 27.32 29.10 32.00
9 36.79 23.70 27.69 29.67 32.94 22.80 26.35 28.12 31.02
10 39.60 27.65 31.61 33.56 36.81 26.58 30.12 31.86 34.75
11 40.07 27.53 31.47 33.40 36.63 26.47 29.99 31.70 34.58
12 39.72 34.73 38.46 40.10 43.17 33.39 36.72 38.19 40.93
13 40.54 24.32 28.32 30.33 33.61 23.36 26.94 28.72 31.66
Mean 37.17 28.43 32.34 34.21 37.42 27.34 30.82 32.50 35.35
SD 3.32 6.44 6.29 6.08 5.97 6.19 6.05 5.64 5.77

Individual values (in W m~2) for metabolic heat production (M), as measured by indirect respiratory calorimetry from Voz and VCO2 and
calculated (Mgr, Myg, Myy and Myan) using partitional calorimetry on the basis of T, estimated by each of the four approaches

found for M,.s and My for the spread-eagle position (mean
difference: —2.96 W nfz, z = —1.712, p = 0.087) but not
for the relaxed position (mean difference: —4.67 W mfz,
7= —2481, p = 0.013). M values calculated with T, esti-
mates from the GT and VF methods were significantly
lower than M,.¢; the mean differences for GT were —8.74 and
—9.83 W m ™ for the spread-eagle and the relaxed positions,
respectively (z = —3.040, p =0.002 and z = —3.110,
p = 0.002, respectively) and —4.83 and —6.35 W m ™ for
VF for the spread-eagle and the relaxed positions, respectively
(z=-2411, p=10.016 and z= —2.830, p = 0.005,
respectively).

Discussion

One of the strengths of the present study is that we
compared the different methods used to calculate mean
radiant temperature with clinical data measured on neo-
nates in the NICU. We used the same incubator in the
laboratory and in the clinical tests, so that the geometry of
the incubator walls did not influence the comparison
between physical and clinical data. The present results
demonstrate that the values of 7, differed from one
approach to another. The T, values calculated with the
thermal manikins were always lower than those found
with the two other conventional approaches, which
therefore underestimated the contribution of the radiant
field to whole body heat losses.

When used in a closed incubator, the conventional
methods have several serious disadvantages (resulting in
differences with respect to the manikin results). In contrast
to the situation for a sphere, only a part of the neonate’s
body surface area participates in radiative heat loss. There
is a major difference between a neonate and a globe ther-
mometer in terms of the radiation view factors. The
validity of the view factor method can also be questioned,
since it relies on several assumptions concerning the shape
factors of the neonate’s body (represented as a small, flat
surface area) and the surrounding surfaces. Moreover, this
method does not take account of regional variations in
incubator wall temperatures (caused by the presence of
localized warm air convection currents near the inner
walls). The influence of the incubator’s complex thermal
environment is thus not accurately reflected by either of
these two conventional approaches.

Limitations of the study

For the two manikins in the spread-eagle position, the
magnitudes of M measured did not differ from M.
However, for the relaxed position, My differed signifi-
cantly from the value measured in the clinic. This could
have several explanations. Firstly, the measurements for
the anthropomorphic thermal manikin were made across
the entire surface area; in contrast, Wheldon’s method uses
spot location. Our anthropomorphic approach also takes
account of the surface temperature of the mattress on which
the manikin is placed. The mattress has a very large solid
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angle (see Eq. 3) with respect to the model and is thus a
major pathway for radiant heat loss. Our model also takes
account of the thermal heterogeneity over the manikin’s
surface area and its complex body shapes, enabling accu-
rate measurement of radiation over the entire body. Sec-
ondly, for a neonate in a relaxed position, Wheldon used a
fractional radiant area of 0.57 (compared with 0.66 in
the present study). Application of this value to the calcu-
lation of T, (Eq. 8) led to the underestimation (by 0.77°C)
of T, when the incubator air temperature was set to
33.02°C. This demonstrates that detailed information on
procedures is required before these devices can be used in
standards.

Which, then, is the most appropriate method for mea-
suring the radiant temperature in a closed incubator? The
validity of the results reported in the present study depends
on the accuracy of the parameters governing the heat
transfer equations. In the present study, this difficulty was
partly resolved using various heat exchange coefficients
that had already been experimentally determined with
the manikin, thus reducing the uncertainty and the number
of empirical assumptions (Chessex et al. 1988; Adams
et al. 2000; Lyon and Oxley 2001; Elabbassi et al. 2004;
Belghazi et al. 2006; Agourram et al. 2010). Moreover, the
use of infrared thermometry enabled us to take account of
the intersegment thermal heterogeneity of each neonate and
thus obtain a more accurate measurement of the mean skin
temperature than with spot measurements at several body
sites. The model’s performance could be improved further
by taking into account more accurate values of the heat loss
reduction caused by the diaper. This is particularly rele-
vant, since the diaper’s thermal insulation influences the
radiative heat loss and so, in turn, the accuracy of the GT
and VF methods. In contrast to the situation in adults
(Lotens and Pieters 1995; Den Hartog and Havenith 2010),
there are no quantitative guidelines on assessing the ther-
mal insulation of specialized protective clothing such as the
diaper, which only covers a part of the body skin surface
area; this is why the neonate is considered to be naked in
today’s models of body heat exchange.

The measurements of Vo2 and Vcoz (with a face mask
and over short periods of time) may also constitute a lim-
itation. Energy expenditure is more accurately determined
over long periods (Elia and Livesey 1988), which take into
account variations in the metabolic rate. However, longer
measurements would require the neonate’s head and trunk
to be enclosed in a hood, which necessarily disturbs the
infant’s heat exchanges with the environment. Bauer et al.
(1997) have reported that despite the typical, low respira-
tory volumes in the neonate, face mask measurements are
accurate and interfere less with the neonate’s environment
than a hood does.

@ Springer

Application of our results and consequences
for low-birth-weight neonates

Our results clearly show that the choice of a method for
accurate measurement of 7, is of paramount importance
when seeking to model an optimal thermal environment.
Regardless of the method used to assess T, our results
confirmed that (a) radiation is the major source of overall
body cooling in closed incubators (accounting for up to
33 and 35% in relaxed and spread-eagle positions,
respectively) and (b) conductive heat loss (3.8—4.5% of
the total body heat loss) only plays a minor role in the
neonate’s body heat balance when the neonate was nursed
on a low-thermal-conductivity plastic foam mattress (Hey
and Mount 1967; Swyer 1978; Lyon and Oxley 2001). It
should be noted that controlling radiant heat loss is par-
ticularly relevant in high-risk, very premature neonates
who can only maintain body temperature within a very
narrow range of environmental temperatures. Compared
with the manikins, the two other approaches underesti-
mated this mode of heat exchange. This underestimate
may have an impact on the maintenance of body tem-
perature, body growth and, for high-risk infants, respira-
tory or cardiac failure. For example, a variation in T, of
1.8°C (corresponding to the difference of 7, between
MAN and VF approaches for incubator air temperature of
32.01°C) can increase the apnoea frequency by 50%
(Tourneux et al. 2008). In the first few days after birth,
when the infant’s thermoregulatory defences are not fully
mature (Wheldon and Hull 1983) and the body’s high
surface-to-volume ratio promotes heat loss to the sur-
rounding environment.

If the incubator climate is controlled by an operative
temperature (which is a weighted average of T, and T,), the
risk of body cooling is particularly greater when T, is
calculated from the GT and VF methods. Indeed, the values
calculated with these two methods (and then used in the
algorithm to control the thermal environment in the incu-
bator) will be too high. Accordingly, the actual value in the
incubator will be too low and will increase body heat losses
from the neonate to the environment. For example, to
further characterize this error and the risk of hypothermia,
we calculated the changes in mean body temperature which
would reflect the heat storage in the spread-eagle position.
With respect to the body heat storage equation AS = 0.277
(Cp x AT, x W) x Ap' [where AS is the change in body
heat storage in W m™%; C, is the specific thermal capacity
of the body tissues (3.494 kJ kg~' °C™') and AT, is the
mean body temperature change in °C h™'] and with respect
to the energy expenditure M., the underestimations of
radiative heat loss reported in Fig. 1 would lead to falls in
body temperature of —0.68, —0.38 and —0.23°C h™' when
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GT, VF and WH methods are used, respectively, and just
+0.02°C h™! when calculating 7, with the MAN method.
Under these conditions, the time required to reach the
warning threshold of body hypothermia at a body tem-
perature below 36.4°C, as defined by the American
Academy of Pediatrics and College of Obstetrics and
Gynecologists (1988) was 53, 95 and 156 min for GT, VF
and WH methods, respectively. The risk of body cooling is
particularly accentuated using the GT method but is absent
for the MAN method.

Although the relative magnitudes of the different heat
losses differ from one incubator to another (because of
different air flow dynamics and canopy shapes), the con-
clusion that the manikin technique is particularly reliable
for assessing the mean radiant temperature can be drawn
solely on the basis of a comparison with the metabolic heat
production measured in neonates. The error in the esti-
mation of radiative heat loss is smaller when 7, is calcu-
lated with a manikin which takes account of the neonate’s
body shape and regional thermal heterogeneity. On the
basis of these comparisons, we conclude that the manikin
technique is particularly appropriate for measuring T, and
the radiant heat loss in closed incubators.

Conclusions

Our present results show that there is a need to draft safety
standards for measuring radiant temperature. These stan-
dards should seek to estimate all of the neonate’s heat
exchanges more accurately by taking into account the
influence of thermal insulation due to the diaper and/or the
mattress. The accurate measurement of these thermal
variables may have important, practical implications in the
thermal management of neonates, in general, and may be
useful for designing more efficient, safer tools, since both
the radiant temperature and the air temperature have to be
measured in order to optimize the performance of modern
incubators and thus potentially reduce morbidity and
mortality. Thus, further work will aim at assessing the
thermal performance levels of medical devices in more
complex environments, e.g. the radiant warmer (in which
the radiative heat exchange is primarily related to an
overhead radiant source) and the transport incubator
(which is used in often cold thermal environments outside
the NICU and poses a threat to the survival of small, pre-
mature neonates). Additional research on the relationship
between thermal insulation (as provided by the diaper) and
radiative heat exchange may also lead to sufficiently
accurate estimating equations when using simple methods
like GT or VF.

The experiments comply with the current laws of the
country in which they were performed.
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