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THESIS ABSTRACT 

 
The present thesis builds upon existing evidence and public-facing 

recommendations in the field of infant thermoregulation, specifically in scenarios where 

infants are nursed under radiant warmers in the neonatal intensive care unit (NICU), and 

in outdoor settings, where infants can be exposed to heat stress when transported in 

strollers during hot summer weather. The experimental study presented in Chapter 3 

aimed to compare the suitability and level of agreement of using skin temperature 

measured on the neck over the carotid artery (Tneck), with the traditional method used 

currently (Tfeedback), as a surrogate non-invasive measure of core (rectal) temperature (Trec) 

in infants nursed under a radiant warmer. The aim of the experimental study described in 

Chapter 4 was to further optimize the non-invasive measurement of core temperature in 

NICU settings. Specially, the aim was to compare the suitability and level of agreement 

of potential zero heat flux skin contact temperature sites – specifically the lower back 

region (Tback) when an infant is lying in supine, and on the chest (Tchest) when an infant is 

lying in prone – with the traditional method used currently (Tfeedback) as a surrogate 

measure of core temperature measured rectally (Trec) in infants nursed under a radiant 

warmer. Finally, the experimental investigation in Chapter 5 sought to empirically 

determine the cooling efficacy of several low-cost stroller configurations to alleviate heat 

stress experienced within an infant stroller carriage in hot and moderately humid weather 

conditions. Together, the experimental chapters of this thesis provide empirical data 

which may help inform the development of improved evidence-based guidance and 

policy to help protect potentially vulnerable infants against the effects of thermal stress 

during the earliest stages of life.  
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CHAPTER 1: THESIS INTRODUCTION AND AIMS 
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Introduction 

It is well established that thermoregulation is a vital physiological process that is linked to 

the survival of the newborn [1] and as homeotherms, these infants must keep their deep internal 

body temperature within a particular range to optimize physiological functions [2, 3]. Maintaining 

normothermia, or a normal core body temperature between 36.5°C and 37.5°C, by balancing heat 

loss and heat gain, is therefore critical to the infant’s wellbeing [2]. After delivery, an infant is 

susceptible to sensible (dry) and insensible (evaporation) heat loss due to the high body surface 

area to mass ratio, an immature epidermal barrier, lack of subcutaneous fat insulation, while also 

having a low capacity to produce metabolic heat by shivering, and an inability to exhibit 

behavioural thermoregulatory responses, all of which can lead to hypothermia [4-6]. Hypothermia 

is defined as the infant’s core body temperature falling below 36.5°C and is listed by the World 

Health Organisation as one of the leading causes of infant mortality, especially in low-resource 

countries [7, 8]. The World Health Organisation further categorized the body temperature ranges 

for mild hypothermia (cold stress) as 36°C-36.5°C; moderate hypothermia as 32°C-36°C, and 

severe hypothermia as less than 32°C [7]. Infants who are born prematurely (less than 37 weeks 

of gestation) and with low birth weights (less than 2500g) are even more susceptible to 

hypothermia due to an immature central nervous system and require constant observation and 

additional nursing care to prevent hypothermia [2]. 

To mitigate excessive heat loss post-delivery, one strategy employed in the delivery suites, 

nurseries, and neonatal intensive care units (NICU) is the use of the radiant warmer [4, 9]. Radiant 

warmers are purpose-built devices that provide radiant heat to the infant via a radiant heat source, 

i.e., radiant lamp that is positioned overhead while the infant is lying on a mattress in an open cot 

setting [10]. This radiant heat transfer mitigates infant cold stress by reducing heat loss to the 
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environment and reversing it to radiant heat gain instead [5]. The heat output of the radiant warmer 

is controlled by a servocontrol mode, an electronic feedback system that serves as a thermostat to 

maintain a constant temperature based on the input from a skin thermistor probe, usually placed 

over the mid-axillary line or over the abdomen, also known as Tfeedback [11, 12]. Whilst it is intended 

that Tfeedback serves as a surrogate method to measure core body temperature in the infant, recent 

studies had determined that the present Tfeedback system results in transient, cyclical bouts of heat 

debt and heat storage leading to fluctuations in deep core temperature and infant physiological 

strain, with the potential to result in accidental bouts of overheating [13, 14]. It has also been 

established that large variations in local skin temperature are observed despite the tight regulation 

of Tfeedback, with poor agreement between Tfeedback and deep core temperature measured rectally 

[15]. Another study demonstrated that a feasible non-invasive approach may be a temperature 

sensor placed on the skin of the neck (Tneck) over the carotid artery [16]. This study established 

that Tneck was a more precise non-invasive core temperature estimation location than the 

conventional Tfeedback measurement site in paediatric patients under general anaesthesia during 

elective surgery. This Tneck measure could serve as a better feedback temperature for controlling 

radiant warmer output, and as an improved method for regulating radiant heat output is required, 

this forms the primary focus of investigation in Chapter 3.  

Zero heat flux thermometry is another approach that has been adopted as a non-invasive 

surrogate measure for core temperature. It is a technique of estimating deep core temperature based 

on the idea that the gradient between deep core temperature and skin surface temperature will go 

in the direction of zero if heat loss from the body's skin surface is reduced to zero with adequate 

thermal insulation on the skin. In doing so, it is assumed that the surface temperature of the skin 

will then equalise with its deep core temperature [17-19]. It can be inferred that the gradient 
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between a newborn's skin and internal organs is already less than that of an adult due to the 

decreased depth of the body's tissues and the absence of subcutaneous fat, therefore making the 

zero-heat flux approach a workable concept in the infant population [20].  

Traditionally, this approach required the use of specialised zero heat flux skin 

thermometers, and according to several studies that evaluated the use of the zero-heat flux 

approach in intensive care and surgical settings, these thermometers were sufficient in replacing 

invasive thermometry methods [21-23]. However, due to the cost and accessibility, a more 

practical approach needed to be adopted. Several studies had looked into covering a standard skin 

temperature probe with a suitable insulatory material, or via direct contact of the skin surface onto 

an insulating material e.g., mattress [24, 25] in incubators, in which the air temperature within 

these devices is controlled and demonstrated its efficacy. However, as this approach has not been 

explored in infants nursed over long durations in an open radiant warmer, its suitability as a more 

accurate non-invasive estimation of infant core temperature is investigated in Chapter 5. 

Due to the high body surface area to mass ratio in infants, when the ambient temperature 

is higher than skin temperature, infants are more susceptible to body temperature rises with dry 

heat gain as heat energy flows down from a higher to lower temperature gradient. This can lead to 

excessive heat stress in hot outdoor environments during activities of daily living, such as being 

transported in a stroller. It had been previously reported that internal stroller temperatures can 

increase up to 37°C when left in a stationary position with a cloth covering, in an open-air setting 

in summer [26]. However, the methods of ascertaining the temperature and conditions in the 

stroller carriage were not explained, and the implausibility of leaving a static stroller in hot weather 

unattended for 90 minutes also makes the finding irrelevant for daily application. Nevertheless, 

this has been part of publicly disseminated advice and guidance [27-29] which is unfortunately not 
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based on empirical evidence. More importantly, efficacious strategies to cool a stroller have not 

yet been identified. Studies have shown that cooling methods via fan use and strategies employing 

evaporative cooling mechanisms were effective in the adult population [30-32], however this has 

not been determined in stroller use in hot outdoor environments to date. With this gap in the 

literature, the experimental study described in Chapter 7 aim to explore interventions to cool a 

stroller in hot weather that were low-cost and accessible to parents and caregivers. Figure 1 

provides a visual representation of the overarching theme of this thesis. 

 

        A                                                   B                                                      C 

Figure 1. A) After delivery, a newborn infant born prematurely is susceptible to hypothermia amidst 

exposure to the cold ambient hospital environment. The infant may be nursed under a radiant warmer in the 

neonatal intensive care unit (NICU) to mitigate excessive heat loss. Chapters 3 and 5 (experimental studies 

1 and 2) of this thesis aim to investigate optimal non-invasive temperature monitoring methods that can 

best reflect infant core body temperature whilst under the radiant warmer. B) Once clinically stable, the 

infant then graduates from the NICU, a tightly controlled indoor environment, to natural environments, 

including hot outdoor conditions, as part of interactions of daily living. C) A common means of transporting 

the infant outdoors is with a stroller. With the infant now exposed to the outdoors, if the ambient temperature 

is higher than the infant’s skin temperature, the infant is now more susceptible to body temperature rises 

due to an increase in dry heat gain as heat energy flows down from a higher to lower temperature gradient. 

This may lead to excessive thermal stress for the infant in the stroller. Chapter 7 (experimental study 3) of 

this thesis thus aims to empirically measure how hot the stroller can get in hot outdoor environments as 

well as to investigate effective low-cost interventions to cool the stroller carriage during hot weather. 
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Aims and Hypotheses 

The specific aims and hypotheses governing each of the original research chapters in this 

thesis are: 

Experimental Study One (Chapter 3) 

The aim of this chapter was to compare the suitability and level of agreement in using a skin 

site on the neck over the carotid artery (Tneck) in comparison to the current standard method 

(Tfeedback), which has previously been shown to be a promising method in anesthetised children 

undergoing elective general surgery, as a surrogate measure of an invasive core (rectal) 

temperature (Trec) in infants nursed under a radiant warmer.  

It was hypothesized that the level of agreement with Trec would be superior with Tneck 

compared to Tfeedback. 

Experimental Study Two (Chapter 5) 

The aim of this chapter was to compare the suitability and level of agreement of potential 

skin contact temperature sites, specifically the lower back region (Tback) when an infant is lying in 

supine, and on the chest (Tchest) when an infant is lying in prone, in comparison to the current 

standard method (Tfeedback), as a surrogate measure of core temperature measured rectally (Trec) in 

infants nursed under a radiant warmer.  

It was hypothesized that the level of agreement with Trec would be superior with Tback (when 

supine) and Tchest (when prone) compared to Tfeedback. 
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Experimental Study Three (Chapter 7) 

The aim of this chapter was to empirically examine the cooling efficacy of eight different 

low-cost stroller configurations, to reduce the heat stress experienced inside an infant stroller 

carriage in hot and moderately humid weather conditions. These eight configurations are: (i) the 

canopy closed (which served as the standard-practice control intervention); (ii) a commercially 

available battery operated clip-on fan; (iii) a white muslin cloth draped over the front of the 

carriage; (iv) a flannelette cloth (made of polyester) draped over the front of the carriage; (v) a 

combination of muslin cloth and clip-on fan; (vi) a combination of flannelette cloth and clip-on 

fan; (vii) a completely moistened muslin cloth draping; and (viii) a combination of a completely 

moistened muslin cloth draping and clip-on fan. 

It was hypothesized that the stroller configurations that incorporated evaporative cooling 

techniques would reduce the heat stress severity experienced inside the stroller carriage, whereas 

those that utilised a dry material covering would exacerbate the level of in-stroller heat stress. 
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Human heat balance and its application in infant thermoregulation 

The physiological goal of the human body is to maintain a steady-state core temperature, 

which necessitates heat balance, i.e., an equilibrium between the rate of internal heat production 

and net heat loss from the skin to the surrounding environment. Throughout the lifespan, the human 

body generates endogenous heat (metabolic heat generation from skeletal muscles and other 

organs) and must lose heat to maintain the body's core temperature which normally rests at a 

normothermic level of ~37°C [1]. During heat exposure, vasodilation of blood vessels occur and 

skin blood flow increases, allowing heat to be diverted from the body core to the skin, which 

increases skin temperature and heat loss to the environment [1]. Heat storage will occur in the 

human body if the rate of heat production exceeds the rate of heat loss, indicated by a rise in core 

temperature. Conversely, negative heat storage occurs and core temperature decreases when the 

rate of heat loss exceeds the rate of heat production, leading to hypothermia [2]. The primary 

defense against this is a vasoconstriction of the blood vessels of the skin followed by an increase 

in endogenous heat production through shivering thermogenesis. The human heat balance equation 

describes this dynamic equilibrium between heat production and heat loss as:  

𝑀 − 𝑊 = ±𝐶 ± 𝐾 ± 𝑅 + 𝐸 ± 𝑆  (W) 

In the above equation, M stands for metabolic energy expenditure, W for external work 

performed, C for convective heat transfer, K for conductive heat transfer, R for radiative heat 

transfer, E for evaporative heat loss from the skin surface, and S for net heat storage in the body. 

The left side of this equation represents heat production (Hprod) and the right side represents net 

heat loss. If this equation is balanced, heat storage is zero [2].  Hprod is quantified by calculating 

the rate of energy production (i.e., metabolic energy expenditure) and removing the proportion of 

that energy that is being utilised to perform work (i.e., external work performed). Metabolic rate 

(M) is derived by the following equation: 
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𝑀 = VO2 ×  
{[(

𝑅𝐸𝑅−0.7

0.3
)∙21.13]+[(

1.0−𝑅𝐸𝑅

0.3
)∙19.63]}

60
 × 1000   (W) 

where VO2 is the rate of oxygen consumed (L⸳min-1 STPD) and RER is the ratio of carbon dioxide 

produced and oxygen consumed, otherwise known as the respiratory exchange ratio. With every 

litre of oxygen consumed carbohydrates and fats yield 21.13kJ and 19.63kJ of energy, respectively 

[3]. The majority of human activities are inefficient, which means that they generally use less than 

20% of an individual energy expenditure [2]. As a result, more than 80% of this energy is released 

as heat, which must then be transported from the body to the environment outside to avoid heat 

storage [2]. Since no external work is being done while at rest, it can be inferred that metabolic 

rate equates to heat production in infants under most circumstances, as the population of interest 

in this thesis [4].   

 

Dry heat transfer 

'Dry' or 'sensible' heat transfer is defined as the combination of convection, conduction, 

and radiation [1]. This is reflected on the right-hand side of the human heat balance equation. 

Convective heat transfer occurs as air moves over the skin's surface into the surrounding air [1]. 

The main factor determining convective rate and direction is the difference between skin and 

ambient temperature [1]. The first law of thermodynamics states that heat always moves along a 

temperature gradient from higher to lower temperatures. Therefore, in hotter conditions when 

ambient temperature exceeds skin temperature, this results in convective heat gain [1]. If ambient 

temperature is less than skin temperature, heat will then be lost by convection [1]. According to 

this concept, increasing airflow will intensify heat exchange, therefore adding more airflow, along 

with ambient temperatures above or below skin temperature would enhance convective heat gain 

or loss [1]. Using an example in the neonatal setting, a newborn when being carried through a cool 
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environment, such as the delivery room after birth, will lose heat to the air via convection [5]. 

Conduction is the process of transferring heat through skin surface contact with another 

solid object, and it can lead to both heat gain and heat loss. The magnitude of the temperature 

differential between the skin and the contacted solid surface, the amount of skin in contact with 

the material, and the substance's thermal conductivity all affect the amount of conductive heat 

transfer [1]. Conductive heat transfer may be calculated via the following equation: 

𝐾 = −𝑘 × (∆𝑇/ ∆𝑥) × S  (W) 

wherein k is the thermal conductivity of the material in contact with the skin (W·m-1°C·-1), ∆T is 

the temperature gradient (°C), ∆𝑥 is the thickness of the material heat is conducted through (m), 

and S is the surface area in contact with the conductive material (m2) [6]. Conduction as a heat 

transfer process is typically minimal, however in a clinical scenario such as a newborn infant being 

laid onto a cold weighing scale in a delivery room, this heat exchange can be substantial. This is 

due to the heat that is exchanged between the infant’s skin surface and the weighing scale that is 

colder, resulting in heat loss from the body. Conversely, if the surface of the weighing scale is 

warmer than that of the infant’s skin surface, there will be heat gain from the weighing scale to the 

infant. 

Radiation, the third avenue of heat exchange, refers to heat transfer by electromagnetic 

waves. Radiative heat sources can be ecologically derived, e.g., solar radiation, or man-made e.g., 

radiant heat lamp in an infant radiant warmer used in a hospital setting [7]. Following these 

examples, any material objects may absorb and produce electromagnetic waves at any temperature 

[8]. It is important to note that not all materials will heat up at the same rate or in the same way 

overall. One aspect that affects a material's capacity to both absorb and emit heat radiation is its 

emissivity, which is determined by the total amount of absorbed thermal radiation attainable by a 
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material, which is then divided by the energy emitted by the surface measured [8]. Although 

emissivity can aid in determining a material's radiative heat gain, the size of the material, the angle 

of exposure, and the amount of surface area that is exposed to thermal radiation plays a role in 

determining the maximum heat gain that can be achieved [1]. In radiative heat exchange, the 

temperature differential between the infant skin and the radiating body determines how quickly 

heat is lost. For instance, heat can be transmitted from the infant's body to a nearby, cooler wall. 

Alternately, heat from a radiant warmer lamp will be absorbed into the infant skin [5, 9]. 

 

Evaporative heat transfer 

The most efficient way to dissipate heat is by evaporative or "insensible" heat loss, which 

releases 2426 joules of heat energy from the skin's surface for every gram of sweat that evaporates 

[10]. Sweat evaporation is the sole pathway in the heat balance equation through which only heat 

loss, not exchange, happens because it depends on the phase transition of sweat from liquid to 

vapour, which cannot be reversed [10]. The rate of evaporation is influenced by the difference in 

vapour pressure between the surface of the skin and the environment around it. When this 

difference is greater, as it is in dry conditions, evaporation occurs more quickly. Additionally, 

sweat evaporation is facilitated by air flow across the skin surface, therefore an increase in wind 

speed often results in an increase in evaporative heat loss provided moisture is present on the skin 

surface [1]. Evaporative heat loss at the skin surface is derived by the following equation: 

𝐸 =  ℎ𝑒(𝑝1 − 𝑝2)  (W∙m2∙kPa) 

where: E – rate of evaporative heat loss per unit area; ℎ𝑒 – evaporative heat transfer coefficient 

(W∙m2∙kPa); 𝑝1 –skin surface water vapour partial pressure; 𝑝2 – ambient air water vapour partial 

pressure. 
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Therefore, the amount of water vapour in the surrounding air, or humidity, has a significant impact 

on how quickly sweat can evaporate. For instance, in hot, dry environments with low 

environmental humidity, sweat secretions evaporate quickly, whereas in high humidity or tropical 

environments, sweat evaporation is limited because the air is already heavily saturated with water 

vapour. 

  At birth, evaporative heat loss occurs when liquid from wet skin, i.e., amniotic fluid, 

evaporates into the air around it when the wet newborn transitions from the uterus's perpetually 

warm environment to the birthing room's cooler, dryer environment. [11, 12]. The risks from 

excessive evaporative heat loss for a premature infant are dependent on three factors: the infant's 

postpartum moisture level, the skin's immaturity and water permeability, and the length of time 

the infant is exposed to drying agents such radiant warmers [13-15]. Therefore, these factors need 

to be considered to mitigate heat loss and maximise clinical outcomes when the newborn is 

adapting to the new external environment. 

  Based on the heat transfer avenues discussed, if no action is taken immediately after birth, 

a neonate's core and skin temperatures could decrease at a rate of approximately 0.1°C and 0.3°C 

per minute, respectively [16, 17]. A core body temperature of 36.4 to 36°C is considered mild 

hypothermia, 35.9°C to 32°C is considered moderate hypothermia, and less than 32°C is 

considered severe hypothermia, according to the World Health Organisation [11]. Therefore, at 

rest, a neutral thermal environment encourages a steady body temperature. The neutral thermal 

environment for infants had been previously described as the ambient temperature at which the 

preterm infant's body temperature is between 36.7°C and 37.3°C at rest, with core and skin 

temperature variations of less than 0.2° to 0.3°C/hour [5, 18]. Therefore, ideally, in a neutral 

thermal environment, heat loss or gain by dry and evaporative heat transfer would be low, 
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promoting infant thermal stability. 

Neonatal skin and thermoregulation 

Skin in a complex tissue organ and its existence is vital to thermoregulatory function in the 

human body [19]. Also known as the integumentary system, skin, from the top layer to bottom, 

consists of the epidermis, dermis and hypodermis. These layers conceptualise the outer ‘shell’ 

layer of the body, acting as a protective boundary layer for the bodily tissues from the external 

environment, thus maintaining homeostasis [20, 21]. This protective layer augments body 

temperature through conductive, convective, radiative, and evaporative mechanisms, all of which 

are controlled centrally via the central nervous system and effected peripherally via dermal 

vasculature and sweat glands [20, 22].  

Neonatal skin physiology is notably different from adult skin. The stratum corneum, which 

is the most superficial skin layer that resides on the epidermis, acts as a protective epidermal barrier 

to prevent transepidermal water loss and penetration by external agents [23]. Transepidermal water 

loss is a form of insensible water loss from the skin via continuous diffusion of water through the 

epidermis and some secretion of sweat from immature infant sweat glands [24, 25]. As the 

structural integrity of the stratum corneum is related to gestational age at birth, this topmost skin 

layer is substantially thinner in infants born preterm (between 23 to less than 37 weeks of gestation) 

as it has not been fully formed yet, when compared to full term infants or adults [19, 23] leading 

to higher water loss. The rate of transepidermal water loss in an infant born at 29 weeks of gestation 

was determined to be 17 g/m2/h, compared to an infant born full-term, which is at 4–8 g/m2/h. This 

rate was demonstrated to be equal or lower than adults, indicating an effective water-loss skin 

barrier in full term infants, but not those born prematurely [26, 27]. It was also shown that infants 

in the subsequent months of life still exhibited higher levels of water loss compared to adults, and 
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stratum corneum development and maturity only appears adult-like after the first year of life [28].  

Thus, infants, especially those born premature, have a less than ideal epidermal barrier. 

These high levels of insensible water loss transepidermally and resulting evaporative cooling from 

the infant skin surface compromises the ability of neonates and young infants to maintain 

normothermia [29]. A drop in skin temperature between 36°C to 35°C activates heat production 

in the infant by peripheral vasoconstriction and initiates non-shivering thermogenesis via the 

sympathetic activation of brown adipose tissue [17, 30]. Brown adipose tissue constitutes 

approximately 1.4 percent of the body mass of newborns with a birthweight greater than 2 

kilograms, and is prominent in nuchal subcutaneous tissue, around the kidneys, the mediastinum 

and intrascapular regions [31]. Despite neonates having a relative abundance of brown adipose 

tissue, heat gain by non-shivering thermogenesis is insignificant as this is limited by the infant's 

large surface area in relation to the mass of heat-producing tissues, and the lack of subcutaneous 

fat insulation [32]. These neonates also have a low capacity to produce metabolic heat via 

shivering, except in cases of severe hypothermia [33]. Infants also rely fully on timely adult 

intervention as they do not exhibit adult behavioural thermoregulatory responses such as moving 

towards or away from hot or cold stimuli, and removing or wearing clothes, which influences their 

ability to attain thermal equilibrium. 

Infants typically have a surface area-to-mass ratio up to four times greater than a typical 

adult, [34].  For example, based on the formula by Du Bois and Du Bois (Du Bois & Du Bois, 

1916) for calculating body surface area (body surface area[m2] = weight[kg]0.425 x height[cm]0.725 

x 0.007184), for a typical adult weighing 70kg with a height of 1.8metres, his body surface area 

equals to 1.88m2. His body surface area to mass ratio will then be 1.88m2/70kg = 0.027. The infants 

in our experimental studies, with a mean body weight of 2.12kg and a mean body length of 43.3cm 
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will equate to a body surface area of 0.15m2. The body surface area to mass ratio will then be 

0.15m2/2.12kg = 0.07. From this example, the infants’ body surface area to mass ratio in our 

studies is 2.6 times more than the typical adult. Coupled with limited vasomotor activity and lack 

of subcutaneous fat insulation, infants are thus more susceptible to significant evaporative heat 

loss, leading to hypothermia [30, 34, 35]. 

From a dry heat exchange perspective, this is a bidirectional issue depending on the 

ambient temperature. When ambient temperature is lower than skin temperature, a high body 

surface area to mass ratio can increase the rate of dry heat loss from the body (relative to mass) to 

the environment, potentially increasing the risk of hypothermia. This is potentially an issue as 

these newborns are in delivery suites, neonatal intensive care units or nurseries, which are typically 

air-conditioned. This lends itself to the need for devices such as radiant warmers to mitigate cold 

stress. When the ambient temperature is greater than the skin temperature, the high body surface 

area to mass ratio can have the reverse effect, making newborns more susceptible to dry heat 

uptake when heat energy flows down the temperature gradient from high to low. This poses an 

issue when infants are exposed to hot outdoor environments, such as whilst being transported in a 

stroller on a hot summer day, hence the need to mitigate this potential heat stress.  

 

Radiant warmers in the clinical setting 

As discussed in the preceding sections, infants, particularly those who are born preterm 

(births occurring between the 22nd and the 37th week of gestation) and with low birth weights 

(newborns with a birth weight of less than 2500 g), have a reduced ability to produce metabolic 

heat. When combined with a high surface area to volume ratio and an immature epidermal barrier, 

significant evaporative heat losses are observed [36]. As a result, low birth weight newborns are 
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more prone to cold stress, leading to hypothermia if their core body temperature is not maintained 

[36, 37]. Cold stress is also associated with lethargy, hypoglycaemia, low muscle tone, poor 

feeding, weight loss, vomiting, restlessness, pallor, and respiratory distress in these vulnerable 

infants, impacting on their growth and development leading to negative clinical outcomes [15, 38-

41]. In light of this, maintaining a thermoneutral environment for the most vulnerable neonates 

born preterm and with very low birthweights is now standard practice in neonatal wards [42].  

There has been some discussion over the best way to avoid heat loss in this vulnerable 

infant population. Control of the convective environment and the regulation of control of radiant 

losses are the two main strategies of thermal management. Radiant warmers are an example of the 

latter, whereby the infant is heated by a radiant heat source that is positioned horizontally overhead 

whilst lying in an open cot surrounded by low plexiglass walls, as seen in Figure 1 [32, 43]. These 

devices are controlled by narrow band proportional controllers, which detect small deviations from 

a temperature set point e.g., 36.0°C [44], and increase the radiant heat output if the infant is deemed 

below the set-point and reduce the radiant heat output if the infant is above the set-point. As such, 

an infant who would otherwise be exposed to the cold setting of an air-conditioned neonatal critical 

care unit is warmed by these devices' radiant heater [45]. Radiant heat transfer is advantageous in 

radiant warmers, as they reduce radiant heat loss and reverse it to net gain instead [32].  These 

warmers seek to deliver residual radiant heat such that the rate of net heat transfer from the infant 

to the surrounding environment via dry and evaporative heat transfer avenues balances the rate of 

metabolic heat production, resulting in a stable internal body temperature. Thus, the use of the 

radiant warmers to help regulate infant core temperature will be a primary focus of this thesis.  
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Figure 1: Radiant warmer set up. The doll is placed in the centre of the mattress, to replicate an 

infant nursed under the radiant warmer.   

 

Whilst the use of the open radiant warmer promotes visibility and accessibility for nursing 

and medical staff in the treatment of preterm and unwell babies, greater transepidermal water loss 

and probable increases in metabolic rate occur when compared to the enclosed convective 

incubator, in which air temperature and humidity can be controlled [36]. While incubators are 

more adaptable and may be regulated using input from the skin, the air, or a combination of control 

factors, radiant warmers must always be servocontrolled to the skin temperature [42]. This means 

that when an infant is kept warm using a radiant warmer the amount of heat provided is controlled 

by a single local skin temperature sensor placed either on the anterior portion of the abdominal 
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wall or under the arm pit along the mid-axillary line of the thorax (Tfeedback) [11, 46-48]. This 

system employed to regulate the intensity of radiant heat output from these warmers is therefore 

critical since too much or too little heat delivery can rapidly evolve into neonatal hyperthermia and 

hypothermia, respectively [11]. A Cochrane review determined that when compared to warming 

the air in the incubator to a set temperature, servocontrolling at skin temperature of 36°C, or near 

the thermoneutral point, reduces the neonatal death rate among low birth weight infants by nearly 

30%, and even more so among infants with very low birth weights (birth weight of less than 1500 g) 

[49]. However, recent studies have also shown that this temperature measurement technique does 

not accurately reflect the deep (core) temperature of the infant and has led to transient, cyclical 

bouts of heat debt and heat storage and consequent fluctuations in deep core temperature and infant 

physiological strain [50]; and has the potential to lead to accidental bouts of overheating [51]. 

Moreover, large variations in local skin temperatures (e.g., chest, feet) have been observed despite 

the tight regulation of Tfeedback, and a poor agreement between Tfeedback and deep core temperature 

measured via rectal thermometry [52]. 

A point for consideration is the use of the abdominal or mid axillary line region as skin 

temperature sites, acting as a surrogate for infant core body temperature. These sites were 

suggested previously as they were accessible when the infant is in the supine position [32]. In the 

prone position, the ideal site is not established, however it was suggested that the skin over the 

scapular region was to be avoided, due to its abundance of brown adipose tissue [30]. Thus, it can 

be concluded that the site along the mid-axillary line was seen as a compromise, to optimise access 

regardless of infant position. However, given the considerations previously discussed, it is crucial 

that the measurement of infant core temperature, both directly measured and estimated, is accurate 

to ensure the appropriate external thermal management may be provided.  
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Measuring core body temperature 

Despite it being a straightforward concept, there is little consensus regarding the 

temperature measurement that actually represents the body “core”. The core measurement sites 

advocated as a “gold standard” include the rectum [53], tympanic membrane [54, 55], nasopharynx 

[56], lower third of the oesophagus [57], pulmonary artery [58] and the bladder [59]. It is important 

to recognize however, that the temperature at each of these sites essentially represents that of the 

local tissue and as such differ, often greatly [60] depending upon tissue mass, blood supply, relative 

distance apart and proximity to other highly vascularized area or other factors altering local 

temperature. The physiological and practical significance of each “core” temperature measurement 

therefore varies.  

It is logical however for health professionals to be primarily concerned with two particular 

temperatures: firstly, brain (or specifically the hypothalamus) temperature, since this is the location 

of the regulatory centre integrating thermal input from locations across the body [61] and is also 

highly sensitive to changes in local temperature of the brain itself [62]; and secondly, mixed blood 

temperature, since this most closely reflects the level of heat debt across the entire body [63]. By 

their very nature both of these measurements are highly invasive. Brain temperature cannot be 

directly measured in humans therefore alternative measures must be used. Tympanic membrane 

temperature was widely thought for a long time to be an accurate surrogate for brain temperature 

by virtue of a common blood supply with the same vasculature as the hypothalamus via the internal 

carotid artery [64]. However, this has since been disputed as the tympanic membrane is actually 

supplied by the external carotid artery and as such is easily contaminated by external factors [65]. 

However, it is still considered a “gold-standard” among many physicians [54, 55]. Nasopharyngeal 

temperature measured with a probe positioned in the nasopharynx and anatomically closest to the 
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brain has been shown to closely reflect epidural brain temperature in infants [56]. However, probe 

placement relative to the soft palate is crucial for accuracy and the probe must also be placed in an 

endotracheal tube to ensure that the passage of inspired and expired gases does not artificially alter 

the measurement. 

It is widely considered that measuring mixed blood temperature is most accurately 

achieved by placing a probe directly into the pulmonary artery [58], but this is clearly very invasive 

and steeped with risks. Distal oesophageal temperature has been shown to precisely represent 

mixed blood temperature in adults during steady-state and transient conditions. Some have 

suggested that distal oesophageal temperature is less accurate in infants and children due to the 

minimal insulation between the tracheobronchial tree and the oesophagus, and the subsequent 

influence of inspired gases temperature [60]; however, this influence is commonly believed to be 

minimal. Bladder temperature precisely reflects pulmonary artery temperature in patients with a 

relatively high urine flow [66] and is therefore a suitable analogue but not much less invasive. The 

most practical site for clinically measuring deep body temperature is in the rectum which correlates 

well with pulmonary artery temperature during a steady-state and is widely employed as a reliable 

index of heat debt [67]. However, it was determined that rectal temperature lags significantly 

during temperature transients due to the insulative properties of the tissues surrounding this area 

[68] and measurements can be further influenced by the presence of an impacted stool [69]. 

All of the temperature measurements discussed present varying degrees of risk for 

discomfort, emotional upset and traumatic injury during insertion [54]; and in some cases, infants 

may have congenital malformations that do not allow the placement of a particular core 

temperature probe (e.g., rectal) [70]. A need therefore exists for a sufficiently accurate form of 

thermometry that is non-invasive. The traditional approach is to measure axillary temperature. 
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Advantages include that it is safe and easily accessible, and when measured directly over the artery 

can reflect deep body temperature [71]. However, in patients with a low cardiac output or marked 

peripheral vasoconstriction, axillary temperature does not correlate well with deeper core 

temperature measurements [58]. From a practical viewpoint, the measurement is also time-

consuming, as it can take up to 11 minutes to attain a stable reading with an in-glass thermometer 

and 40 to 80 seconds with a digital thermometer [72]. 

 

Non-invasive methods for estimating core temperature 

One non-invasive option for estimating core temperature uses a transcutaneous temperature 

sensor placed on the skin surface, often on the upper abdomen, as previously discussed [32,42]. 

This provides a continuous real-time measurement presenting a near-zero health risk. However, 

this is essentially a measurement of skin temperature and is therefore considerably lower than core 

temperature [73]. When used, common general practice employs a generic “correction factor” of 

+1ºC in order to estimate true core temperature, but most corrective factors for any surrogate 

measure of core temperature have limited empirical grounding [73]. It is known that temperature 

gradients exist throughout the tissues of the body with the most pronounced being between the 

skin surface and core internal organs. In adults, this gradient can be several degrees Celsius, but in 

infants/neonates it is thought to be less pronounced due to low levels of cutaneous and tissue 

insulation [74]. It is therefore possible that a transcutaneous temperature probe may be a viable 

non-invasive surrogate measure for core temperature in this population. 

Another method for consideration as a non-invasive surrogate measure for core 

temperature in the infant population is zero heat flux thermometry. The zero heat flux method of 

estimating deep core temperature is based on the assumption that if heat loss from the body's skin 
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surface is reduced to zero with appropriate thermal insulation on the skin, the gradient between 

deep core temperature and skin surface temperature will shift towards zero [75, 76]. The skin's 

surface temperature will then equalise with its deep core temperature [77].  

The use of specialised zero-heat-flux thermometers involves placing a thermal insulator 

next to the skin (typically on the forehead region), which is covered by an electric heater. This 

heater is servocontrolled to remove heat transfer through the insulator, at which point the 

temperatures of the heater and the skin are equal [78, 79]. These thermometers can measure the 

temperature of tissues up to a centimetre below the skin's surface, which was shown to be adequate 

for estimating core temperature [80]. The benefits with this method include its non-invasive nature, 

ease of use and the potential in continuous monitoring temperature over a sustained period of time 

with minimal patient discomfort [78]. Furthermore, due to the effects of the insulation, the 

accuracy of the zero-heat-flux measurements is not influenced by ambient temperature [78]. The 

drawback is that it may take up to 15 minutes to achieve the final equilibrium temperature within 

0.1C, and this is dependent on the skin site location too [77]. However, this delay time is being 

mitigated with improving technology [81].  

However, due to the specialised nature of these insulated thermistors, the zero heat flux 

thermometers are costly for daily use and are typically used in specialised clinical settings only, 

e.g. operating theatres [77]. Several studies have been conducted to evaluate the use of the zero 

heat flux approach in intensive care and surgical settings and have determined that these 

specialised zero heat flux thermometers are adequate in substituting invasive thermometry 

methods either via the distal oesophagus, pulmonary artery or iliac artery [78, 81, 82]. However, 

the patients in these studies were either sedated, or had undergone regional anaesthesia. In a non-

surgical setting, Teunissen et. al applied the zero heat flux thermometry technique on exercising 
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(cycle ergometer) adult individuals in hot ambient conditions and determined that the zero heat 

flux method provided a reliable estimation of oesophageal temperature with little to no time delay 

[83]. However, as this study utilised a prototype sensor, its accessibility to the wider population 

remains to be determined.  

Conceptually, zero heat flux may also be achieved by different means of insulation, without 

needing a specialised heater on the skin, as long as heat loss from the skin is reduced to zero. This 

can potentially be achieved by covering a standard skin temperature probe with a suitable 

insulatory material, or direct contact of the skin surface onto an insulating material e.g., mattress 

[84, 85]. Based on this understanding, the zero-heat flux approach can be deemed as a viable 

method in the infant population, as the gradient between infant skin and the internal organs is 

already reduced, due to the smaller body tissue depth and lack of subcutaneous fat, compared to 

adults [74], as previously discussed. Studies by Dollberg et al and van der Spek et al [84, 85] 

demonstrated the efficacy of this technique, however they investigated infants who were nursed in 

incubators, instead of servocontrolled radiant warmers, which is the device of interest in this thesis. 

The infants studied were also in the extremely low birth weight (<1000 g) and very low birth 

weight (<1500 g) categories, inferring to the lack of skin layer depth which lessens the gradient 

between skin and internal organs, which facilitates the zero-heat flux method. However, it is 

unclear if similar findings can be established in slightly larger and older infants nursed under 

radiant warmers in the neonatal intensive care unit setting. Blackburn et. al adopted the zero-heat 

flux approach in infants using a standard thermocouple temperature probe placed on the abdomen, 

back and axilla [86]. They determined that the abdomen and back skin sites, when in contact with 

the mattress surface over a one-hour period, were in agreement with the axillary skin site 

measurements in lieu of the insulatory effect. However, these comparisons were made based off 
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thermocouple readings from another skin site (situated in the deep axilla region) as an inference to 

core temperature, instead of using established methods of measuring core temperature e.g., rectal 

thermometry. It is thus unclear if these contact site temperature measurements are in true 

agreement with core body temperature, and if these findings are applicable over a longer duration 

of nursing care. 

 

Stroller usage and its considerations in usage in hot weather conditions 

Another ecologically valid setting in which infants will experience heat stress is the 

outdoors during hot weather. Every year, millions of babies are born across the globe. Extracting 

figures from 2021 to 2023, some examples from the Northern Hemisphere include the European 

Union registering more than 4.09 million births [87] and the United States of America tallying 

3.66 million births [88]. In the Southern Hemisphere, Niger registered the highest birth rate of 

44.22 births per 1000 people in its population, totaling more than 1 million births [89]; and 

Australia reporting 320,900 births [90]. In recent years, with the rise in summer heatwaves, these 

same parts of the world also clocked up unprecedented highest recorded temperatures. Outdoor 

ambient temperatures reached as high as 47°C in Portugal in Europe [91] and 50.7°C in Western 

Australia on the afternoon of 13 January 2022 [92]. Such heat extremes pose serious health risks 

leading to high infant mortality rates and heat related hazards in infants and children [93, 94], 

although such risks can be mitigated through the implementation of evidence-based risk 

management actions [94] which this thesis aims to address.  

Keeping in mind the importance of maternal well-being after delivery, outdoor physical 

activity is also encouraged for the mother postpartum. This is not only to boost their physical 

activity levels postpartum and improve the level of overall maternal fitness [95], but to also allow 
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opportunities for bonding between mother and child, facilitate socialisation, improve mental well-

being and reduce postnatal stress and depression [96]. As such, brisk walking and jogging with the 

infants and strollers in tow are typical scenarios of combining both aspects of outdoor exercise and 

maternal/infant bonding [97], and this should be encouraged for all seasons, including hot summer 

weather when carried out judiciously, without compromising the safety of both the mother and the 

infant [98, 99].  

Conventional advice recommends avoiding stroller use during the hottest part of the day 

when solar radiation intensity is at its peak, often between midday and 3pm [100]. Albeit well-

intended, this advice may not be practical given the day to day needs of parents and caregivers and 

their infants in which outdoor heat exposure may be unavoidable, such as running errands or as a 

means of transportation to a specific location over long distances [97], which at times, cannot be 

dictated by the time of day. Therefore, there is a need to investigate stroller cooling interventions 

to help mitigate the negative impacts of stroller heat stress exposure during times when outdoor 

heat exposure cannot be avoided altogether. 

Various cooling interventions have been shown to be efficacious in reducing heat stress in 

adult populations. These include electric and misting fan usage, self-dousing, cold-water ingestion, 

ice towel application, activity reduction and clothing optimisation and removal [101]. Whilst some 

of these strategies may be feasible for use with infants, there are several considerations unique to 

this population which may limit the utility these cooling interventions. For example, infants have 

a surface area-to-mass ratio approximately four times higher than adults, which may result in 

excessive cooling when certain interventions are applied (e.g., ice-towel application) and result in 

inadvertent bouts of cold stress and discomfort, resulting in infant irritability. Additionally, infants 

are also unable to behaviourally thermoregulate independently and, therefore, strategies such as 
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cold-water ingestion, activity reduction and clothing optimisation will require active intervention 

by the caregiver. Finally, any potential cooling intervention introduced must be viable within the 

confines of the stroller carriage without causing disruption to the infant.  

Nevertheless, some methods to cool infants placed in strollers in hot weather have been 

adopted by parents and caregivers and are often promoted in public-facing recommendations. 

Low-cost strategies such as the use of cloth coverings e.g. muslin, flannelette and thin cotton 

blankets attempt to block out the radiant heat from the sun [102-104] and minimise exposure to 

the harmful effects of ultraviolet radiation [105], which increases the risk of skin melanoma in 

later life [106]. However, overzealous attempts in covering up the strollers to minimise harmful 

sun exposure, especially with the use of heavy blankets may impede air ventilation. Other reasons 

parents drape cloth coverings over stroller carriages are to reduce visual stimuli to encourage 

infants to sleep, reduce unwanted attention from strangers and limit the infants’ exposure to 

cigarette smoke and other air pollutants [103, 107]. Discussions regarding air quality surrounding 

the infants in strollers and the potential risk of sudden infant death syndrome (SIDS) has also been 

raised in previous literature [104]. However, concerns surrounding thermal strain within this same 

environment remains unsubstantiated by research, emphasising a gap in the literature. 

Another potential stroller cooling method is the use of a portable battery-operated clip-on 

fan, which increases the circulation of air within the stroller carriage [108]. This strategy is 

considered convenient as the portable battery-operated clip-on fan is affordable and readily 

available, although its efficacy in reducing the stroller carriage temperature, and in turn attenuating 

the heat stress experienced by infants, remains to be determined. Other strategies to mitigate the 

heat within stroller carriages include the use of specialised parasols and sunshades [109] although 

this may come with a higher financial cost and thus may not be the primary option for some 
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parents.  

Even though the use of the abovementioned strategies is reported in the media, parenting 

websites and observed in day-to-day parenting [100, 102], interestingly, there is a paucity in peer-

reviewed evidence to support these suggested interventions. For example, there is debate regarding 

the use of coverings, regardless of its material and thickness, as these may further trap heat within 

the confined, enclosed space of the stroller carriage [102-104, 110, 111], even when draped in a 

single layer [112], subjecting the infants within to risk of overheating. Articles highlighting this 

practice as being potential fatal have also been in circulation in the media [102, 113, 114], however 

the potential risk is often inferred from literature addressing infant fatalities in enclosed vehicles 

(i.e. cars) during hot weather [115-118] and may not accurately reflect the heat-stress risk in the 

context of strollers.  Further research is therefore warranted to further examine the issue of stroller 

heat stress and to identify solutions to help mitigate the associated heat-related risk.  

Likewise, the use of the portable clip-on fan may inadvertently circulate hot air within the 

carriage especially during use in hot and dry weather [119]. Drawing on current research in electric 

fan use for the adult population, Morris et. al determined that electric fans can provide effective 

cooling in a hot and humid environment where ambient temperature reached 40°C with 50% 

relative humidity but were detrimental in very hot and dry conditions where ambient temperature 

reached 47°C with 10% relative humidity [120]. Foster et. al also highlighted that when ambient 

temperature is ≥ 40 °C, electric fans are deemed ineffective and potentially harmful when relative 

humidity is below 50% [121]. Thus, depending on environmental conditions, convective and 

evaporative heat transfer avenues may be significantly impacted by increased air movement, 

whether brought on by purposeful electric fan use or by natural wind currents [121]. These findings 

thus need to be taken into consideration when applying the use of a clip-on fan in a stroller, and 
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its effect on the infant population, which have yet to be determined.  

Conversely, when applying the principles of evaporative cooling [122], it can be 

considered that moistening cloth coverings that are light and absorbent, such as muslin, may assist 

in keeping the stroller carriage cool. This concept can be inferred from recent studies involving 

adult participants in which wearing water-soaked attire in hot and moderately humid to humid 

conditions mitigated the rise in core body temperature and alleviate heat strain via evaporative 

cooling over a large surface area [123, 124]. This wet clothing method will not be sensible with 

young infants, however, the effects of evaporative cooling may be harnessed in different ways to 

keep the stroller cool. For example, draping a wet cloth covering over the stroller canopy may be 

an effective way of extracting heat from the stroller via evaporative pathways. The efficacy of this 

method in an ecologically valid setting e.g., draping a moistened cloth over a stroller in hot, humid 

weather remains to be established. 

Based on the above, there is evidence to support fan use and the efficacy of evaporative 

cooling on moistened clothing in adults. However, there is a paucity in empirical literature that 

systematically investigates the efficacy of these cooling strategies in infant strollers. Deriving clear 

guidelines in health and public policy in heat stress management will assist parents in reducing 

financial stress and improve health equity [125]. Thus, the availability of such evidence is 

necessary to shape parents’ and caregivers’ decision-making processes in maximising infant 

comfort in hot weather. 
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Conclusion  

Infants, especially if born prematurely and of a low birth weight, are a vulnerable 

population in the domain of thermoregulation, regardless of settings. Exposure to extreme heat or 

cold stress can lead to physiological strain and undesirable health outcomes. Therefore, 

maintaining normothermia is critical to protect the infant. The overall purpose of this thesis is two-

fold – firstly, to evaluate potential methods of non-invasive temperature monitoring that can 

accurately reflect core thermometry in infants nursed under radiant warmers in an intensive care 

setting; and secondly, to determine interventions to cool a stroller in hot, outdoor environments. 

To address certain gaps in the research literature, this thesis will focus on: 

a) measuring skin temperature over the carotid artery site as a non-invasive method to serve 

as a surrogate to core body temperature measured invasively. Although this method has 

been determined to be effective in sedated children under general anaesthesia in an 

operating theatre, its efficacy has yet to be determined in premature and term infants nursed 

under a radiant warmer in the NICU setting.  

b) using skin sites as contact points in investigating the efficacy of zero heat flux 

thermometry. This has been researched in premature infants nursed in enclosed incubators 

for short durations, but yet to be determined for premature and term infants nursed in open 

care radiant warmers over a continuous period in the NICU setting.  

c) determining the efficacy of fan use and employing evaporative cooling methods, which has 

been shown to be effective in cooling the adult population in hot and humid conditions, but 

yet to be investigated in cooling a stroller in hot weather. 
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Introduction 

Owing to their immature thermoregulatory system and unique morphological features, 

neonates, especially if born prematurely, are susceptible to hypothermia [1]. An inability to 

maintain a stable normothermic core temperature over an extended time can lead to substantial 

health consequences that include a lower probability of survival [2]. Indeed, hypothermia, defined 

as core temperature of less than 36.5ºC increases the risk of morbidity [3] and mortality [4, 5], and 

has been listed as the primary cause of infant death during the neonatal period by the World Health 

Organization [6]. External heat sources (e.g., radiant warmers) can be applied to prevent critical 

reductions in infant core temperature, but hyperthermia – a higher than optimal core temperature 

– can negatively affect an infant’s wellbeing and health [7, 8].  

Adequately managing core temperature in newborn infants is therefore considered an 

essential component of neonatal intensive care. The most vulnerable neonates (i.e., pre-term, low 

birth-weight infants) are often nursed in a Neonatal Intensive Care Unit (NICU), with their body 

temperature managed with the use of an open-bed infant radiant warmers. Such devices are the 

preferred approach as they enable direct and easy access for nursing staff  [9, 10]. The goal of 

these warmers is to compensate for any net heat loss between the infant and surrounding 

environment by delivering supplemental radiant heat and ensure that the infants remain in heat 

balance, and thus maintain a stable core temperature [11]. Typically, radiant heat output of these 

warmers is regulated by a servo-controlled feedback temperature measured by a single local skin 

temperature placed over the mid-axillary line (Tfeedback). However, previous studies from our 

research team have shown that this method leads to cyclical bouts of heat debt and heat storage 

and large subsequent fluctuations in core temperature [12]. In some cases this simplistic method 

of regulating radiant warmer output can even lead to accidental bouts of potentially dangerous 
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overheating [13]. The underlying problem appears to be that, for both physiological and 

morphological reasons, the standard skin temperature measurement site often varies independently 

of true core temperature. 

Core temperature can be monitored directly using invasive measures, such as with sensors 

placed in the rectum, nasopharynx, or oesophagus. However, rectal temperature probes can 

occasionally cause traumatic injury in neonates [14, 15], while nasopharyngeal probes can lead to 

mild-to-severe epistaxis [16, 17]. All invasive temperature measures therefore also carry some risk 

of their own and should be used as sparingly as possible if a safer, but similarly accurate, non-

invasive measure is available. A study by our research group showed that a feasible non-invasive 

approach may be a temperature sensor placed on the skin of the neck (Tneck) over the carotid artery 

– a large blood vessel carrying warm freshly oxygenated blood to the head [18]. The study showed 

that Tneck served as a more accurate non-invasive estimate of core temperature than the traditional 

Tfeedback measurement site in paediatric patients (aged 0 to 36 months) under general anaesthesia 

during elective surgery [18]. This Tneck measure could serve as a better feedback temperature for 

controlling radiant warmer output. However, blood flow is distributed in greater proportions to the 

periphery under general anaesthesia [19], which may make this method suitable in surgical settings 

but less so in non-anesthetised infants such as neonates nursed under radiant warmers.   

Therefore, the aim of this study was to assess the suitability and level of agreement of Tneck 

as a surrogate measure of an invasive core temperature (rectal temperature, Trec) in infants nursed 

under a radiant warmer. It was hypothesized that the level of agreement with Trec would be superior 

with Tneck compared to Tfeedback. 

 



67 

 

Methods 

Participants 

All experimental trials were conducted at the Nepean Hospital (Kingswood, NSW, 

Australia). Ethical approval was obtained from the Human Research Ethics Committee of the 

Nepean Blue Mountains Local Health District (HREC/17/NEPEAN/06). The authors declare that 

the study was performed in accordance with the standards of ethics outlined in the Declaration of 

Helsinki. No adverse medical events occurred during, or following, the study.   

41 infants (23 males, 18 females) between the postnatal age of 0 and 30 days undergoing 

standard Neonatal Intensive Care Unit (NICU) care at the Nepean Hospital were recruited upon 

entry into the NICU under the supervision of one of the researchers (KKBV) in our study, between 

August 2017 to May 2019 (see Table 1). Written and informed consent were obtained from the 

parents or guardians of these infants to participate in the study. Infants were included if their 

gestational ages were greater than 28 weeks irrespective of birth weight and were deemed stable 

to undergo continuous temperature monitoring under a standard infant radiant warmer (Giraffe 

Warmer, GE Healthcare, Australia). Infants were excluded if they had medical conditions that 

would have confounding thermoregulatory effects e.g. hypoxic-ischemic encephalopathy, 

neonatal sepsis; were immuno-compromised, were on breathing support or oxygen requirement 

via intubation and mechanical ventilation, considered critically ill by the medical team or had 

malformations that may preclude the placement of skin temperature sensors or the rectal 

temperature probe e.g. skin lesions, gastroschisis. 
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Table 1. Infant characteristics. 

 

 

 

 

 

 

Instrumentation 

 The radiant warmer servo-control temperature was regulated by the infant’s local skin 

temperature measured at a single point over the mid-axillary line (Tfeedback) midway between the 

axilla and last rib, using the Giraffe warmer’s skin thermistor (GE Healthcare, Australia) in line 

with the standard care procedures of the NICU and attached to the infant’s skin by a qualified 

registered nurse. Skin temperature was measured using skin surface thermistors (YSI400 series 

thermistors) over the left side of the body at eight standardized anatomical sites: skin of the neck 

over the carotid artery (Tneck), forehead (Tforehead), abdomen (Tabdomen), chest (Tchest), back (Tback), 

thigh (Tthigh), foot (Tfoot) and upper arm (Tarm). These thermistors were secured to the skin sites 

using hypoallergenic tape (Hypafix, Smith & Nephew, USA) and were insulated using gold 

reflective discs (Cardinal Health, USA) to avoid the thermistors from conducting any radiant heat 

from the radiant warmer (see Figure 1). A flexible rectal temperature sensor (TM400, Covidien, 

Mansfield, Massachusetts, USA) was inserted by the nursing staff to a depth of 3 cm past the anal 

sphincter and used to determine core body temperature (Trec). Additionally, a pulse oximeter 

(Masimo Radical-7 series, Switzerland) was attached to the anterior surface of the right foot using 

 Mean SD 

Postnatal age (days) 20 20 

Gestational age (weeks + days) 33+3 3+1 

Weight (g) 2120 646 

Length (cm) 43.3 4.6 

Body surface area (m2)* 0.16 0.03 

Mean skinfold thickness (mm) 1.43 0.07 

*Formula to calculate body surface area (m2): weight[kg]0.425 x height[cm]0.725 x 0.007184 (Du Bois & Du Bois, 1916) 
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hypoallergenic tape (Hypafix, Smith &Nephew, USA) to continuously measure arterial oxygen 

saturation and heart rate. 

 

 

                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1. Skin sensor placement sites on an infant participant.  
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Protocol  

Before commencing data collection, anthropometric data (head circumference, length, age, 

gestational age and sex) were recorded by hand from the participant’s chart to a standardized trial 

sheet. The radiant warmer (Giraffe Warmer, GE Healthcare, Australia) was used only for the 

participants in this study for data collection purposes and was not used for day-to-day nursing care. 

The radiant warmer was then switched on to the manual mode for approximately 15 minutes to 

warm up the device, as per usage guidelines. The infant was then transferred from his/her bassinet 

or humidity crib onto the radiant warmer mattress, which is made of medium density polyurethane 

foam secured by a waterproof, tear-resistant polyvinyl cover. The radiant warmer was then set to 

servo-control mode. Skinfold thickness at four sites (biceps, triceps, subscapular and suprailiac) 

was measured by a member of the NICU nursing staff using a standard skin caliper (Slim Guide, 

Michigan, USA). The infant was then weighed, using the Giraffe warmer’s in-built weighing 

function. Apart from wearing diapers, the infant did not wear any clothing throughout the data 

collection session. The infant was placed in the centre of the radiant warmer bed to ensure that the 

positioning of the infant was within the radiant field throughout the data collection session (see 

Figure 2). Data collection began with thermometric values sampled at 10-s intervals via a data 

acquisition box (NI cDAQ-91722 module, National Instruments, Austin, TX, USA) and displayed 

in real-time via a laptop using LabView software (version 7.0). For safety purposes, heart rate and 

oxygen saturation were monitored continuously, and blood pressure (Welch-Allyn, USA) was 

assessed before and after the observation period. 
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                     Figure 2. Positioning of an infant participant under the radiant warmer.  
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All regular nursing interventions by the NICU staff (i.e., adjusting of pulse oximeter, diaper 

changes) were allowed during the data collection process and were noted down by a study 

researcher (MFBM) who was present with the infant throughout the data collection session. The 

infant was otherwise left undisturbed. Unless nursing care instructions required the infant to 

remain in the supine position throughout, the infant was initially placed in the supine position and 

turned over to prone positioning midway through the data collection period. Upon completion of 

data collection, the nursing staff removed all instrumentation and the infant was reweighed. The 

infant was then transferred back to their bassinet or crib and regular NICU nursing care resumed. 

Measurements were taken for one session only, with a mean duration of 204(±30.4) min, up to a 

maximum duration of 240 min. Environmental parameters within the NICU were measured using 

a Kestrel 5400 series (Nielsen-Kellerman, Pennsylvania, USA) portable unit secured onto a drip 

stand next to the radiant warmer away from its radiant field; ambient temperature was recorded as 

23.5±1.0ºC and ambient humidity as 45±8%. 

 

Statistical Analysis 

 Bland-Altman plots were used to assess the agreement between the Tneck and Trec by 

calculating the mean bias and limits of agreement (LoA) with our reference measure (Trec) on the 

x-axis. The data was collected every ten seconds, and data artefacts were removed as part of the 

data cleaning process prior to analysis. The remaining 10-second interval data points were then 

averaged into 1-minute, 5-minute and 30-minute intervals. The 30-minute averaged measurements 

were then used as data points for the Bland-Altman analysis. As an example, an uninterrupted 240-

minute observation without data artefacts will yield eight 30-minute-average data points for 

analysis. 
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The difference between Trec and Tneck, with 95% probability, lies within the respective 

limits of agreement which was calculated for each participant every 30 min by multiplying the 

standard deviation of the mean difference between Tneck and Trec by 1.96. The acceptable limits of 

agreement were determined a priori as ±0.5°C [20]. Statistical analyses were performed using 

GraphPad Prism Version 7.02 for Windows (GraphPad Software, La Jolla, CA, USA).  

 

Results 

Due to technical issues with equipment, 6 data sets were not suitable for analysis. In total, 

data from 35 infants (18 males, 17 females) were included in the analysis, yielding 223 

observations (196 in supine position, 27 in prone position) in total with data collected with the 

infants in both positions combined for analysis.  

The mean bias, when comparing Tneck and Tfeedback values against Trec values were -

0.16±0.38°C (95% LoA= -0.84 to +0.53°C) for Tneck and -0.46±0.38°C (95% LoA= -1.21 to 

+0.29°C) for Tfeedback . Based on the acceptable limits of agreement determined a priori, 82.1% of 

Tneck and 54.7% of Tfeedback values were within ±0.5°C of Tre (see Figure 3). Above a true core 

temperature (measured rectally) of ~37.0˚C, Tfeedback systematically underestimated Trec by >0.5˚C, 

with this error growing as infants approached hyperthermic levels of core temperature to the extent 

that at a Trec of 38.0˚C, the error between Tfeedback and Trec was ~1.5˚C, i.e., the infant was 

hyperthermic, but according to Tfeedback value the infant would have been incorrectly assessed as 

being normothermic.  

The inter-individual variability in the difference between Tneck and Trec was not 

significantly associated (P >0.15) with body mass, body surface area, body mass to surface area 

ratio or the mean skinfold thickness. In contrast, the inter-individual variability in the difference 
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between Tfeedback and Trec associated significantly (P < 0.01) with body surface area and mean 

skinfold thickness, but together these variables described only 14% of the total variance observed. 

 

 

 

 

Figure 3. Left: Bland-Altman plots illustrating the mean bias (solid line) and 95% confidence intervals 

(+1.96 s.d.: dotted lines) for measured rectal temperature (Trec) vs the difference between rectal temperature 

and skin temperature measured on the neck (Tneck) and the servo-feedback temperature sensor of the radiant 

warmer positioned at the mid-axillary line (Tfeedback). The red band indicates the a priori acceptable limits 

of agreement (±0.5 °C) for estimating core temperature. Right: Simple regression analysis of the 

relationship between absolute Tneck, Tfeedback with absolute Trec. 
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Discussion  

 This study examined the levels of agreement of skin temperature measured over the carotid 

artery (Tneck) as a surrogate measure of core body temperature when compared to the conventional 

mid-axillary skin sensor placement (Tfeedback) on infants nursed under a radiant warmer. The main 

finding demonstrated that Tneck exhibited a superior level of agreement compared to Tfeedback 

regardless of infant position, however, there was a tendency for both skin temperature sites to 

underestimate core temperature when compared with Trec. In the relatively rare instances in which 

Trec exceeded 37.5°C (i.e. mild hyperthermia), the temperature measurements obtained from Tneck 

more often remained within the acceptable limit of ±0.5°C of Trec, whereas much larger 

underestimations of Trec were derived from Tfeedback which could in turn increase the risk of 

undetected infant hyperthermia in ICU settings. 

 

When the conventionally used Tfeeback was compared to Trec only 54.7% of measurements 

fell within the acceptable limits of ±0.5°C, as determined a priori, with a mean bias of -0.46°C (R2 

= 0.01). Although substantial variability between measurement methods remained (R2 = 0.23), the 

mean bias was substantially reduced when Tneck was measured with 82.1% measurements falling 

within ±0.5°C of Trec with a mean bias of -0.16°C. This mean bias for Tneck is slightly smaller than 

the mean bias (-0.52˚C) observed between skin temperature measured over the carotid artery and 

nasopharyngeal temperature in infants under general anaesthesia – before a correction factor was 

applied [18]. The authors of this previous study attributed the good agreement of these two 

temperatures measurement sites to the close proximity of the Tneck measurement to a major artery 

which runs close to the skin’s surface [18]. Whilst skin temperature measured near the axilla can 

in theory represent the temperature of the axillary artery, it can be influenced by a several factors 
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including skin blood flow alterations [21]  and ipsilateral intravenous infusion [22] and more likely 

provides an indication of peripheral temperature [23].  It is possible that the smaller mean bias 

between Tneck and Trec observed in the current study was attributable to the high radiant heat flux 

from radiant warmer which is positioned near the head and neck. This source of radiant heat likely 

increased local skin temperatures in these regions [13], reducing the temperature gradient between 

the skin and the core and, therefore, the measurement differences observed.   

 

Clinical Practice Considerations 

 Previous studies [12, 18] have explored using the neck site as an alternative non-invasive 

method to measure skin temperature in infants and children who were sedated, either in the 

operating theatre or in the NICU. However, in the current study, the increased motor activity of 

the conscious infants did not adversely affect the temperature measurements obtained from the 

Tneck sensor, which was adhered securely in-line with standard nursing practices using 

hypoallergenic tape. This study clearly demonstrates that the neck site is a clinically preferable 

alternative to the commonly used feedback sensor placement when infants are nursed under a 

radiant warmer. Additionally, due to the presence of the neck skin folds, the researchers also 

observed that there may be an additional insulative component to the site as fold of skin often at 

least partially cover the temperature sensors attached to the neck. In addition to the superior 

agreement with Trec, the neck site is also a practical alternative to Tfeedback as it is easily accessed 

when nursing an infant, especially when in the supine position. The Tneck temperature sensor is also 

less likely to be dislodged due to arm movements when the infant is awake.  The Tneck measurement 

site may also be used on infants who are non-sedated but critically ill as it may help minimise 
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disturbance to the infant, especially those who are irritable, very ill and do not cope well 

physiologically with interruptions as part of their routine clinical care.  

 

Limitations 

Limitations of the study include the fact that the infants were of a relatively narrow 

postnatal age range (4 to 97 days), and therefore access to the skin area over the carotid artery site 

may appear to be challenging due to presence of skin folds adjacent to the neck area, relative to 

the infant’s size [24]. However, during the process of data collection, the nursing staff anecdotally 

did not express concerns nor difficulties in locating and adhering the skin sensor thermistors, and 

it was observed that the hypoallergenic tape used sufficed to ensure that neck sensor stayed in its 

place throughout the data collection. Furthermore, in instances when there was a need to change 

the tape (e.g., cleaning of milk accumulation within the neck folds post bottle feeding), the process 

did not disturb the infant’s resting state due to the accessibility of the site. Access to the neck 

region may have its limitations with infants born with web neck anomalies or excessive neck skin 

folds [25, 26], however this will need further investigation to determine the efficacy of the Tneck 

measurement technique in this unique population. Lastly, the authors acknowledge that the 

acceptable limit of agreement (LoA) predetermined at ±0.5°C will have different physiological 

consequences depending on the absolute core temperature, especially in the hyperthermic range, 

from a heat-illness perspective. The data, however, indicated that the hyperthermic range was not 

a reason for concern in our analysis, as nearly 99% of all observed data points of absolute core 

temperature (Figure 3) were less than 38°C. As a result, the risk of hyperthermia is negligible to 

zero. 
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Conclusion 

 Our findings have clearly demonstrated that in infants nursed under a radiant warmer, the 

placement of the skin sensor over the carotid artery yielded a higher level of agreement to rectal 

temperature compared with the traditional placement of the feedback sensor along the mid-axillary 

line, regardless of infant position. Therefore, this study challenges the commonly used method of 

skin sensor feedback placement in clinical practice. However, despite the improved level 

agreement exhibited by Tneck, a systematic underestimation of Trec was still observed which could 

lead the inaccurate assessment of an infant’s thermal state. Future research is therefore required to 

further optimise the estimation of core temperature via more accurate non-invasive measurements. 
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The first experimental study demonstrated that the placement of the skin temperature 

sensor over the carotid artery yielded a higher level of agreement to rectal temperature, 

compared with the traditional placement of the feedback sensor along the mid-axillary line, 

regardless of infant position, in infants nursed under a radiant warmer. However, there was still 

an observed systematic underestimation of core temperature measured in the rectum (Trec). 

Thus, the objective of the next chapter of this thesis was to investigate a different non-invasive 

measurement technique that might be able to further reduce this underestimation: zero heat flux 

thermometry. This method of estimating deep core temperature is based on the theory that if 

the skin surface is highly insulated, heat loss from the body's skin surface will be reduced to 

zero, and therefore the gradient between deeper tissue temperatures and the skin surface 

temperature will be diminished, resulting in a skin surface temperature that resembles core 

body temperature better than the methods reported in the previous chapter [1-3]. While the zero 

heat flux method has been shown to be of limited utility for use with adults [4-5], because 

infants exhibit lower levels of subcutaneous fat and their body tissues reside at a shallower 

depth, it can be assumed that the thermal gradient between a newborn's skin and body core is 

lower than that of an adult [6]. For this reason, the zero-heat flux approach is a potentially 

feasible concept in the infant population in the NICU setting. 

The experimental study that will be discussed in the following chapter of this thesis will 

assess the suitability and level of agreement of potential skin contact temperature sites, using 

the zero-heat flux approach, as optimal surrogate measures of (Trec), when these infants are 

nursed either in supine or prone, under a radiant warmer. 
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Introduction 

In humans, body temperature is physiologically regulated within a narrow range around 

~37ºC by balancing the rate of metabolic heat production with the rate of net heat transfer to 

the external environment. Neonates find it particularly difficult to maintain normothermia [1] 

especially infants who were born preterm (births occurring between the 22nd and the 37th week 

of gestation) and infants with low birthweight (LBW) (newborns with a birth weight of less 

than 2500g) as they do not have sufficiently mature thermoregulatory systems to allow them 

to cope with changes in their thermal environment [2]. Despite neonates having a relative 

abundance of brown adipose tissue, they have a low capacity to produce metabolic heat via 

shivering [3]. In addition, they possess limited vasomotor activity, a surface area-to-mass ratio 

four times greater than a typical adult, experience evaporative heat loss through the skin via 

transdermal water loss and that behavioural thermoregulatory responses are also non-existent 

[3], making them susceptible to hypothermia.  

A prolonged failure to maintain thermal homeostasis has profound health consequences 

and as such, following delivery, the nursing of newborn babies in warmer environments has 

been demonstrated to promote better survival [4], including recommendations made to address 

thermal care in improving preterm birth outcomes [5]. Hypothermia, defined as core body 

temperature lower than 36.5ºC [6], results in greater infant morbidity [7] and mortality [8, 9], 

and has been listed as the primary cause of infant death during the neonatal period by the World 

Health Organization [6]. Furthermore, prolonged hypothermia has been linked to 

hypoglycaemia, respiratory distress, hypoxia, metabolic acidosis [10-12] and overall negative 

clinical outcomes in neonates [13]. Hyperthermia, on the other hand, can also be harmful to a 

newborn’s health as febrile neonates have higher rates of morbidity and mortality [14, 15].  

As such, body temperature management is regarded as an essential component of 

neonatal intensive care. The most vulnerable neonates (i.e., pre-term, low birth-weight infants) 
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are often nursed in a Neonatal Intensive Care Unit (NICU) under open-bed infant radiant 

warmers to simultaneously maintain their thermal status and provide direct and easy access for 

nursing staff [16, 17]. These warmers seek to deliver residual radiant heat such that the rate of 

net heat transfer from the neonate to the surrounding environment via convection, conduction, 

evaporation, and radiation balances the rate of metabolic heat production, resulting in a stable 

internal body temperature [18]. The system employed to regulate the intensity of radiant heat 

output from these warmers is therefore critical since too much or too little heat delivery can 

rapidly evolve into neonatal hyperthermia and hypothermia, respectively [18]. Presently, 

radiant heat output on most radiant warmer devices is regulated according to a servo-controlled 

feedback signal from a single local skin temperature measured over the mid-axillary line 

(Tfeedback). However, studies have demonstrated that the present system results in transient, 

cyclical bouts of heat debt and heat storage and consequent fluctuations in deep core 

temperature, resulting in the neonates exhibiting physiological strain and has the potential to 

lead to an accidental bout of overheating [19]. Moreover, large variations in local skin 

temperatures (e.g., chest, feet) have been observed despite the tight regulation of Tfeedback, and 

a poor agreement between Tfeedback and deep core temperature measured in the rectum (Trec) 

[20]. An earlier study by our group showed that a temperature sensor placed on the neck (Tneck) 

in paediatric patients under general anaesthesia during elective surgery potentially serves as a 

more accurate non-invasive estimate of core temperature in infants compared to the current 

Tfeedback method [21], however the level of accuracy remains insufficient to safely regulate 

radiant warmer output. An alternate approach is therefore still required. 

 Zero heat flux is a method to estimate deep core temperature by creating an almost 

perfectly insulated area near the skin, with the assumption that if heat loss from the skin surface 

of the body is reduced to zero, the gradient between deep core temperature and skin surface 

temperature will tend toward zero [22, 23]. The surface temperature of this area of skin will 

equilibrate with the deep core temperature [22, 23]. Studies have investigated using zero heat 
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flux method in clinical scenarios such as with infants, and in surgical and intensive care settings 

[24-26], however none to date has examined this method when monitoring an infant under a 

radiant warmer for continuous long-term monitoring. A potential solution under this scenario 

may be the utilisation of the skin sites that commonly serve as contact temperature points with 

a mattress, which acts as an effective insulator. This approach may constitute a temperature 

sensor placed on the back (Tback) for when an infant is supine, and a separate sensor placed on 

the chest (Tchest) for when the infant is prone.  

Therefore, the aim of this study was to assess the suitability and level of agreement of 

potential skin contact temperature sites i.e., Tback (when an infant is supine) or Tchest (when an 

infant is prone) as a surrogate measure of core temperature measured in the rectum (Trec) in 

infants nursed under a radiant warmer. It was hypothesized that the level of agreement with 

Trec would be superior with Tback (when supine) and Tchest (when prone) compared to Tfeedback. 
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Methods 

Participants 

All experimental trials were conducted at the Nepean Hospital (Kingswood, NSW, 

Australia). Ethical approval was obtained from the Human Research Ethics Committee of the 

Nepean Blue Mountains Local Health District (HREC/17/NEPEAN/06). The authors declare 

that the study was performed in accordance with the standards of ethics outlined in the 

Declaration of Helsinki. No adverse medical events occurred during, or following, the study.   

In total, 41 infants (23 males, 18 females) between the postnatal age of 0- and 30-days 

undergoing standard Neonatal Intensive Care Unit (NICU) care at the Nepean Hospital were 

recruited upon entry into the NICU under the supervision of one of the researchers (KKBV) in 

our study (see Table 1). Written and informed consent was obtained from the parents or 

guardians of these infants to participate in the study. Infants were included if their gestational 

ages were greater than 28 weeks irrespective of birth weight and were deemed stable to undergo 

continuous temperature monitoring under a standard infant radiant warmer (Giraffe Warmer, 

GE Healthcare, Australia). Infants were excluded if they had medical conditions that would 

have confounding thermoregulatory effects e.g., hypoxic-ischemic encephalopathy, neonatal 

sepsis; were immuno-compromised, were on breathing support or oxygen requirement via 

intubation and mechanical ventilation, considered critically ill by the medical team or had 

malformations that may preclude the placement of skin temperature sensors or the rectal 

temperature probe e.g., skin lesions, gastroschisis. 

 Table 1. Infant characteristics. 

 

 

 

 

 Mean SD 

Postnatal age (days) 20 20 

Gestational age (weeks + days) 33+3 3+1 

Weight (g) 2120 646 

Length (cm) 43.3 4.6 

Body surface area (m2) 0.16 0.03 

Mean skinfold thickness (mm) 1.43 0.07 

*Formula to calculate body surface area (m2): weight[kg]0.425 x height[cm]0.725 x 0.007184 (Du Bois & Du Bois, 1916) 
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Instrumentation 

The radiant warmer servo-control temperature was regulated by the infant’s local skin 

temperature measured at a single point over the mid-axillary line (Tfeedback) midway between 

the axilla and last rib, in line with the standard care procedures of the NICU and attached by a 

qualified registered nurse. Skin temperature was measured using skin surface thermistors 

(YSI400 series thermistors) over the left side of the body at eight standardized anatomical sites 

(Figure 1): forehead (Tforehead), abdomen (Tabdomen), chest (Tchest), back (Tback), thigh (Tthigh), foot 

(Tfoot) and upper arm (Tarm) (see Figure 1). These thermistors were secured to the skin sites 

using with hypoallergenic tape (Hypafix, Smith & Nephew, USA) and were insulated using 

gold reflective discs (Cardinal Health, USA) to avoid the thermistors from conducting any 

radiant heat from the radiant warmer. Mean skin temperature (Tsk) was expressed as a weighted 

average in accordance with Klein and Scammon [27]. A flexible rectal temperature sensor 

(TM400, Covidien, Mansfield, Massachusetts, USA) was inserted by the nursing staff to a 

depth of 3 cm past the anal sphincter and used to determine core body temperature (Trec). 

Additionally, a pulse oximeter (Masimo Radical-7 series, Switzerland) was attached to the 

anterior surface of the right foot using hypoallergenic tape (Hypafix, Smith &Nephew, USA) 

to continuously measure arterial oxygen saturation and heart rate.  
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Figure 1. Schematic diagram illustrating the skin sensor placements on the infant. A. Supine: 

1 – Tforehead (centre of forehead); 2 - Tchest (centre of sternum); 3 – Tabdomen (upper abdomen); 4 

- Tarm – (upper anterior arm); 5 – Tfeedback (mid-axillary line at the lateral aspect of trunk); 6 – 

Tthigh (anterior thigh); 7. Tfoot - (dorsum of foot). B. Prone: 8 – Tback (L4-L5 region at the 

paraspinal aspect). 
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Protocol  

Before commencing data collection, anthropometric data (head circumference, length, 

age, gestational age and sex) were recorded by hand from the participant’s chart to a 

standardized trial sheet. The radiant warmer (Giraffe Warmer, GE Healthcare, Australia) was 

used only for the participants in this study for data collection purposes and was not used for 

day-to-day nursing care. The radiant warmer was then switched on to the manual mode for 

approximately 15 minutes to warm up the device, as per usage instructions. The infant was then 

transferred from his/her bassinet or humidity crib onto the radiant warmer mattress, which is 

made of medium density polyurethane foam secured by a waterproof, tear-resistant polyvinyl 

cover. The radiant warmer was then set to servo-control mode. Skinfold thickness at four sites 

(biceps, triceps, subscapular and suprailiac) was measured by a member of the NICU nursing 

staff using a standard skin caliper (Slim Guide, Michigan, USA). The infant was then weighed, 

using the Giraffe warmer’s in-built weighing function. Apart from diapers, the infant did not 

wear any clothing throughout the data collection session. The infant was placed in the centre 

of the radiant warmer bed to ensure that the positioning of the infant was within the radiant 

field throughout the data collection session.  Data collection began with thermometric values 

sampled at 10-s intervals via a data acquisition box (NI cDAQ-91722 module, National 

Instruments, Austin, TX, USA) and displayed in real-time via a laptop using LabView software 

(v7.0). For safety purposes, heart rate and oxygen saturation were monitored continuously, and 

blood pressure (Welch-Allyn, USA) was assessed before and after the observation period.  

All regular nursing interventions by the NICU staff (i.e., adjusting of pulse oximeter, 

diaper changes) were allowed during the data collection process and were recorded by a study 

researcher (MFBM) who was present with the infant throughout the data collection session. 

The infant was otherwise left undisturbed. Unless nursing care instructions required the infant 

to remain in the supine position throughout, the infant was initially placed in the supine position 

and turned over to prone positioning midway through the observation period. Upon completion 
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of data collection, the nursing staff removed all instrumentation, and the infant was reweighed. 

The infant was then transferred back to their bassinet or crib and regular NICU nursing care 

resumed. Measurements were taken for one session only, with a mean duration of 204(±30.4) 

min, up to a maximum of 240 min. Environmental parameters within the NICU were measured 

using a Kestrel 5400 series (Nielsen-Kellerman, Pennsylvania, USA) portable unit secured 

onto a drip stand next to the radiant warmer away from its radiant field; ambient temperature 

was recorded as 23.5±1.0ºC and ambient humidity as 45±8%. 

 

Statistical Analysis 

 Bland-Altman plots were used to assess the agreement between the skin contact sites 

and Trec by calculating the mean bias and limits of agreement (LoA) with our reference measure 

(Trec) on the x-axis. The data was collected every ten seconds, and data artefacts were removed 

as part of the data cleaning process prior to analysis. The remaining 10-second interval data 

points were then averaged into 1-minute, 5-minute and 30-minute intervals. The 30-minute 

averaged measurements were then used as data points for the Bland-Altman analysis. As an 

example, an uninterrupted 240-minute observation without data artefacts will yield eight 30-

minute-average data points for analysis.  

The difference between Trec vs. Tback ; Trec vs. Tchest ; and Trec vs. Tfeedback with 95% 

probability, lies within the respective limits of agreement which was calculated for each 

participant every 30 min by multiplying the standard deviation of the mean difference between 

skin contact temperatures and Trec by 1.96. The acceptable limits of agreement were determined 

a priori as ±0.5°C [28]. Statistical analyses were performed using GraphPad Prism Version 

7.02 for Windows (GraphPad Software, La Jolla, CA, USA).  
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Results 

Due to technical issues with equipment, 6 data sets were not suitable for analysis. In 

total, data from 35 infants (18 males, 17 females) were included in the analysis, yielding 196 

and 27 observations in the supine and prone positions, respectively.  

Supine position 

The mean bias, when comparing Tback(contact) and Tfeedback values against Trec values were 

-0.01±0.24°C (95% LoA= -0.48°C to +0.46°C) and -0.45±0.39°C (95% LoA= -1.20°C to 

+0.31°C), respectively. Based on the acceptable limits of agreement determined a priori, 

94.9% and 56.6% of Tback(contact) and Tfeedback values within ± 0.5°C of Trec, respectively. Data 

pertaining to all other skin temperature sites are presented in Table 2. Figure 2 illustrates the 

Bland-Altman and correlation plots for Tback(contact) and Tfeedback relative to Trec in the supine 

position. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Mean bias and 95% limits of agreement (LOA) for estimates of core 

body temperature (compared with rectal temperature) derived from different 

skin temperature sites in the supine and prone positions. 

Temperature site 
Mean bias  

(°C±s.d) 

95% LOA  

(°C) 

Points within 

±0.5°C 

SUPINE (n=196) 

 

Back (contact)* -0.01 ± 0.24 -0.48 to +0.46 94.9% 

Chest -0.41 ± 0.51 -1.42 to +0.58 58.2% 

Mid-axillary (feedback) -0.45 ± 0.39 -1.20 to +0.31 56.6% 

Abdomen -0.47 ± 0.65 -1.74 to +0.80 51.0% 

Forehead -0.82 ± 0.56 -1.92 to +0.29 27.0% 

Mean Tsk -0.84 ± 0.42 -1.67 to +0.01 21.4% 

Upper Arm -1.19 ± 0.65 -2.46 to +0.08 11.7% 

Thigh -1.30 ± 0.80 -2.87 to +0.27 11.2% 

Foot -2.53 ± 1.84 -6.13 to +1.07 2.0% 

PRONE (n=27) 

Chest (contact)* +0.02 ± 0.19 -0.35 to +0.39 96.3% 

Abdomen (contact)* +0.11 ± 0.23 -0.35 to +0.56 96.3% 

Back -0.29 ± 0.44 -1.16 to +0.58 63.0% 

Mid-axillary (feedback) -0.57 ± 0.35 -1.25 to +0.11 40.7% 

Mean Tsk -0.65 ± 0.28 -1.20 to +0.10 33.3% 

Forehead -0.87 ± 0.41 -1.67 to +0.07 22.2% 

Upper Arm -0.90 ± 0.50 -1.89 to +0.09 18.5% 

Thigh -1.16 ± 0.77 -2.67 to +0.36 14.8% 

Foot -1.96 ± 1.23 -4.38 to +0.46 3.7% 

 

* Skin site in continuous contact with the radiant warmer mattress  
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Body mass, body surface area-to-mass ratio, mean skinfold thickness and the absolute 

back skin temperature did not significantly (P > 0.05) associate with the inter-individual 

variability in the difference between Tback(contact) and Trec.  

In contrast, the inter-individual variability in the difference between Tfeedback and Trec 

associated significantly (P < 0.05) with body mass, mean skin fold thickness and absolute 

Tfeedback, together explaining 22.6% of the total variance observed.  

 

 
Figure 2. Left: Bland-Altman plots illustrating the mean bias (solid line) and 95% confidence intervals 

(+1.96 s.d.: dotted lines) for measured rectal temperature (Trec) vs the difference between rectal temperature 

and skin temperature measured on the back (Tback(contact)) and the servo-feedback temperature sensor of the 

radiant warmer positioned at the mid-axillary line (in supine position). The red band indicates the a priori 

acceptable limits of agreement (±0.5 °C) for estimating core temperature. Right: Simple regression analysis 

of the relationship between Tback(contact), Tfeedback with absolute Trec in the supine position.  
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Prone position 

 

The mean bias, when comparing Tchest(contact) and Tfeedback values against Trec values were 

+0.02±0.19°C (95% LoA= -0.35°C to +0.39°C) and -0.57±0.35°C (95% LoA= -1.25°C to 

0.11°C), respectively. Based on the acceptable limits of agreement determined a priori, 96.3% 

and 40.7% of Tchest(contact) and Tfeedback values were within ± 0.5°C of Trec, respectively. Data 

pertaining to all other skin temperature sites are presented in Table 2. Figure 3 illustrates the 

Bland-Altman and correlation plots for Tchest(contact) and Tfeedback relative to Trec in the prone 

position. Due to a more limited sample size, regression analysis was not performed on data 

collected in the prone position.  

 
Figure 3. Left: Bland-Altman plots illustrating the mean bias (solid line) and 95% confidence intervals 

(+1.96 s.d.: dotted lines) for measured rectal temperature (Tre) vs the difference between rectal temperature 

and the skin temperature measured on the chest (Tchest(contact)) and the servo-feedback temperature sensor of 

the radiant warmer positioned at the mid-axillary line (in prone position). The red band indicates the a priori 

acceptable limits of agreement (±0.5 °C) for estimating core temperature. Right: Simple regression analysis 

between absolute Tchest(contact), Tfeedback with absolute Tre in the prone position. 
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Temporal temperature responses  

Individual participant examples of the temporal Tback(contact) vs Trec response are 

presented in Figure 4. Panels A, B and C provide examples of when infants were in the supine 

position throughout the observation period with the back temperature sensor in continuous 

contact with the incubator mattress. Panels D, E, F provide examples of when infants were 

periodically moved from supine to prone positions, with the back temperature sensor 

transitioning between mattress contact and exposure to the ambient environment.   
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Figure 4. Individual participant examples of the temporal Tback(contact) vs Trec temperature response during experimental observation. 

Panels A, B, C = examples of the infant in the supine position throughout testing resulting in close agreement between Tback and Trec. Panels D, E, 

F =   examples of discrepancies between Tback and Trec due to either an infant position change or the radiant warmer being turned on or off.       
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Discussion 

 This study examined the suitability and level of agreement of potential skin contact 

temperature sites in both the supine (back temperature) and prone (chest temperature) positions as 

a surrogate measure of core temperature for infants nursed under an NICU radiant warmer. The 

level of agreement at these temperature sites, was compared to that observed for the commonly 

used mid-axillary servo-control temperature sensor placement (Tfeedback). Our findings 

demonstrated that Tback provided a superior estimation of core temperature compared with Tfeedback 

when the infants were nursed in the supine position and thus the sensor was insulated through 

direct contact with the mattress. Similarly, Tchest exhibited a good agreement with core temperature 

when the infants were nursed in the prone position. These findings highlight the potential utility 

of skin temperature measured at highly insulated contact sites to serve as an accurate, non-invasive 

surrogate measurement of core temperature in infants nursed under radiant warmers.    

 

The close agreement of the skin contact sites (Tback in the supine position and Tchest in the 

prone position) with rectal temperature is explained by a phenomenon termed “zero heat flux” 

[22], whereby heat loss at the skin is reduced to zero due the contacting thermal insulation (e.g., 

warmer mattress). As a result, the temperature gradient between the temperature of the deeper 

tissues of the body and the skin surface is eradicated, leading to equilibration of surface and core 

temperatures [22, 23]. The current data clearly illustrate this occurrence. In panels A, B and C of 

Figure 4, skin temperature measured on the back closely tracked core temperature when infants 

were lying in the supine position with the back in constant contact with the mattress, with 94.9% 

of measurements falling within ±0.5°C of measured core temperature (Table 2, Figure 2).  

Similarly strong measurement agreement is evident in panels D, E and F of Figure 4 when the 



101 

 

infant was in the supine position and zero heat flux at the back was preserved. However, a clear 

reduction in measurement agreement was seen when the skin-to-mattress contact was disturbed 

when the infant transitioned from the supine position into the prone position. In such instances, 

substantial changes in skin temperature occurred – the direction of which was influenced by the 

surrounding thermal environment (e.g., the turning the radiant heater on/off). When skin-to-

mattress contact was lost, the agreement between Tback and Trec was substantially reduced and 

resembled that observed at other non-contact skin sites (e.g., Table 2). Albeit in a smaller dataset, 

the findings described above were mirrored when for Tchest when the infants were in the prone 

position with the chest instead in contact with the mattress. In contrast, the mean difference of 

Tfeedback (mid-axillary) compared with core temperature was -0.45±0.39 and -0.57±0.35 in the 

supine and prone positions respectively, which is in broad agreement with previous evaluations of 

this measurement technique [29]. The poor agreement observed for Tfeedback reflects the fact that 

mid-axillary temperature represents a surface temperature which must be lower than core 

temperature to enable metabolic heat to be lost at the same rate as it is produced down a 

temperature gradient to maintain heat balance. Additionally, whist the temperature sensor was 

covered by a reflective disk to prevent direct exposure to radiant heat, the skin surface at this site 

was otherwise uninsulated and, therefore, liable to heat loss to the cooler ambient environment.  

 

Previous research has advocated the use of skin contact temperature to estimate core 

temperature. Blackburn and colleagues [24] compared infant skin temperatures on the back and 

abdomen with axillary temperature and concluded that, when in contact with the mattress, these 

skin temperature sites likely provided a better estimation of core temperature. However, a valid 

measure of core temperate (e.g., oesophageal, rectal etc.) was not obtained and, therefore, the level 
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of agreement between estimated and measured core temperature could not be ascertained. 

Subsequently, it was reported that insulated temperature at the forehead yielded a mean bias of 

0.19±0.53°C when compared with oesophageal temperature in adults in ICU, with 92.6% of 

measurements falling within 0.5°C of the acceptable limits of difference [26]. Similarly, the mean 

difference between zero-heat-flux temperature on the forehead and oesophageal temperature was 

reported to be -0.23°C (LoA ±0.82) with 78% of the differences ≤0.5°C in adults sedated during 

cardiac surgery [25].  In the current study, a smaller mean bias of -0.01±0.24°C was observed for 

back temperature when in the supine position and +0.02±0.19°C on the chest when in the prone 

position, despite the infants being conscious and nursed under a radiant heater. This level of 

agreement also outperformed previous core temperature estimates attained from skin temperature 

measured over the carotid artery in anaesthetised infants [21], and the findings from Chapter 3.  

 

From a practical clinical perspective, there are several potential advantages of using skin 

contact temperature measurements a surrogate for body core temperature.  First, unlike 

temperature measurements taken in the rectum, skin measurements are not affected by bowel 

movements or disturbances associated with the changing of diapers. Additionally, the external 

location of skin temperature sensors affords better visibility and accessibility meaning potential 

displacement of sensors can be easily identified and remedied. The non-invasive nature of skin 

contact temperature measurements may be preferable over rectal temperature when infants present 

with anal fissure which are common during infancy and may cause sensitivity and or obstruction 

in the rectum [30]. A further advantage of using a skin-contact site to obtain a temperature 

measurement is that, by definition, the skin thermistors are shielded by the infant’s body from the 

heat emitted from the radiant heaters, thus preventing accidental heating of the sensors and thus 
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erroneous temperature measurements. Finally, due to the convenience of measurement, the use of 

zero heat flux skin-contact temperature to derive estimates of core temperature may be particularly 

suitable for long-term temperature monitoring during infant NICU stays which typically span 

approximately 7 days [31].  

 

Limitations of the study include the fact that infants of a relatively narrow postnatal age 

range (4 to 97 days), and it is possible that the agreement between skin contact sites and core 

temperature may diverge with increasing age, especially as infants become more mobile, 

potentially compromising the integrity of the skin-to-mattress contact. Secondly, due to the nursing 

care requirements, the majority of data points were collected with infants in the supine position, 

with only 27 data points collected in the prone position. However, the data collected in the prone 

position closely resembled those collected in the supine position and we are confident the same 

zero-heat-flux effect occurred on the chest when the infant was prone. Thirdly, we acknowledge 

that the acceptable limit of agreement (LoA) predetermined at ±0.5°C will have different 

physiological consequences depending on the absolute core temperature, especially in the 

hyperthermic range, from a heat-illness perspective. However, the data demonstrated that almost 

99% of all observed data points of absolute core temperature in supine (Figure 2) and 100% in the 

prone position (Figure 3) were less than 38°C, hence the risk of hyperthermia is minimal to zero, 

demonstrating that the hyperthermic range was not a cause for concern in our analysis. Finally, 

pulmonary arterial temperature is considered the gold-standard measurement of core temperature, 

however, we opted to use rectal temperature as our reference measurement due to its widespread 

clinical use in NICUs and its suitability for use with the population of interest [32].  
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Conclusion 

In conclusion, our findings clearly demonstrate that skin temperature measurements when 

insulated through contact with a mattress – specifically the back when in the supine position and 

the chest when in the prone position – provide a potentially accurate and reliable representation of 

true deep core temperature measured in the rectum in infants nursed under a radiant warmer. Both 

skin-contact temperature sites examined exhibited superior agreement with rectal temperature 

when compared with the commonly used servo-control feedback sensor positioned along the mid-

axillary line. These findings indicate that skin-contact temperature measurements may be suitable 

for use in clinical NICU settings to help optimise thermal care.  
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The previous two experimental studies demonstrated that alternative skin sites can be 

used in infants as a surrogate measure of invasive core (rectal) temperature, when nursed under 

an open radiant warmer in the NICU. Once these infants are clinically stable and well, they 

will be discharged from the hospital setting, transitioning from the indoor NICU to free-living 

environments at home.  This shift from a tightly controlled indoor environment, to much more 

variable environments encountered during everyday life can pose further thermoregulatory 

challenges to an infant.  

For example, one prevalent method of transporting infants when outdoors is via the use 

of a stroller. The stroller, with the infant securely strapped inside, is deemed a safe, 

comfortable, and practical transportation device [1].  However, during times of hot weather, 

the stroller is a setting in which infants may be particularly exposed to high levels of heat stress. 

Previous anecdotal evidence, often reported in mainstream media indicates that the temperature 

inside a stroller carriage can often exceed the ambient temperature, especially when exposed 

to high levels of solar radiation [2-6]. Furthermore, the heating of the stroller may be further 

exacerbated by the common parental practice of draping a dry material covering (often muslin) 

over the stroller carriage to shade the infant. This is concerning as exposure to heat stress inside 

the stroller may increase the risk for infant hyperthermia and the subsequent development of 

heat-related illness (e.g., dehydration, seizures) and, in extreme instances, infant death. 

However, there is a dearth of empirical evidence examining this in the scientific literature. 

Furthermore, there are no evidenced-based methods for keeping a stroller cool in hot weather. 

Previous research has indicated that evaporative cooling methods and fan use are effective 

cooling techniques for adults [7-8], however, the efficacy of these cooling strategies has not 

been studied in infant populations. The experimental study that will be discussed in the 

following chapter attempts to address this gap in the literature by investigating low-cost, and 

accessible cooling solutions for stroller use in hot weather. 
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Introduction 

During periods of hot weather, the potential for infant hyperthermia is of particular 

concern as this can lead to adverse clinical symptoms including hypotension, dehydration, 

seizures and, in severe cases, infant fatality [1, 2]. Heat stress has also been linked with 

sudden infant death syndrome (SIDS) [3, 4] which is the leading cause of post-neonatal 

unexplained deaths worldwide [5]. These safety concerns are particularly salient given a 

limited thermoregulatory capacity during infancy, owing largely to unique morphological 

and physiological characteristics (e.g., higher body surface area to mass ratio, more limited 

sweating capacity) which may render infants liable to hyperthermia if exposed to high 

ambient temperatures for prolonged periods [6, 7]. Furthermore, infants are highly dependent 

on their adult caregivers to ensure dangerous hyperthermia is avoided through appropriate 

behavioural intervention such as the removal of excess clothing, avoidance of radiant heat 

sources (e.g., solar radiation) and the seeking of cool shelter. Ensuring caregivers are 

provided with evidenced- based knowledge and guidance has been identified as being crucial 

to improving a wide range of health out- comes during childhood [8]. 

On a day-to-day basis, exposure to environmental heat stress is not always avoidable 

during infancy, especially when caregivers engage in outdoor active travel or recreational 

activity. Indeed, outdoor physical activity is widely encouraged during the weeks and months 

after pregnancy due to both perceived and well-established benefits conferred to both mother 

and her young child [9, 10]. During such activities, it is common practice for infants to be 

transported in strollers (push- chairs) [11] during which they can be exposed to significant 

levels of heat stress during hot summer weather. By design, strollers are typically semi-

enclosed carriages built to facilitate both structural integrity and infant comfort [12]. 

However, such design features may result in compromised airflow and the creation of a space 

prone to heat absorption and retention - all of which exacerbate the risk for infant heat 
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exposure. 

Efforts to reduce the risk of stroller overheating have seen numerous techniques 

adopted by caregivers. Typically, these methods focus on reducing solar influx to the stroller 

carriage using material coverings e.g., muslin cloth [13] or sunshades/parasols [14] in an 

attempt to minimise ultraviolet (UV) radiation exposure within the stroller carriage, 

protecting against the long-term health consequences of UV-induced skin damage [15]. In 

addition, more sophisticated cooling methods such as battery-operated fans that attach to the 

stroller frame are also commercially available. However, despite the widespread adoption of 

such ‘cooling techniques’ their overall efficacy is not supported by empirical evidence and 

some anecdotal reports even suggest material stroller coverings may instead accelerate in-

stroller heating [16, 17]. In contrast, an understanding of the basic principles of heat 

exchange, raises the possibility of novel low-cost stroller interventions that harness the power 

of evaporation. Evaporative cooling methods have been utilised effectively in other settings 

to help adults manage heat stress severity (e.g., misting fans [18-20], water sprays [21], 

moistening of clothing [22]) and may be well-suited for safe use in the context of infant 

stroller heat management. 

Whilst thermal manikins have been used to assess infant heat stress in a range of 

different settings [23, 24], to the best of our knowledge no previous study has systematically 

examined the cooling efficacy of stroller cooling strategies, and moreover, in ecologically 

valid settings. Accordingly, the current study aimed to empirically examine the cooling 

efficacy of eight different stroller configurations; namely the stroller with: (a) the canopy 

closed (which served as the standard-practice control intervention); (b) a commercially 

available battery operated clip-on fan; (c) a white muslin cloth draped over the front of the 

carriage; (d) a flannelette cloth (made of polyester) draped over the front of the carriage; (e) 

a combination of muslin cloth and clip-on fan; (f) a combination of flannelette cloth and clip-
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on fan; g) a completely moistened muslin cloth draping; and (h) a combination of a 

completely moistened muslin cloth draping and clip-on fan. It was hypothesised that the 

stroller configurations that incorporated evaporative cooling techniques would reduce the 

heat stress severity experienced inside the stroller carriage, whereas those that instead utilised 

a dry material covering would exacerbate the level of in-stroller heat stress. 
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Methods 

All experimental trials were conducted at the University of Sydney (Cumberland 

campus, Lidcombe, New South Wales) between November 2019 and February 2020, during 

the Australian summer. No human participants were involved in this study and, therefore, 

human ethical approval was not required. Experimental trials were planned by consulting 

the Bureau of Meteorology (BOM) weather forecast based on the requirement that: (1) the 

peak ambient temperature was forecasted to be 30°C for at least 1h; (2) with minimal to no 

cloud cover; (3) and no rainfall. 

A total of 16 experimental trials were conducted, each on different days. Each 

experimental trial consisted of the separate 20-min testing of each stroller configuration 

(Table 1) in a counterbalanced order. Including the set-up time and equilibration period 

required between each stroller configuration, each trial lasted approximately 4.5 hours. All 

trials commenced at 1100 h (±30 min) and were completed by 1530 h (±30 min). 

Table 1. Summary of cooling interventions (see Figure 3 for images). 

Stroller configuration  Description 

Stroller Closed Control 
Stroller with the canopy in a propped-down position 

(standard practice control intervention) 

Fan Only 

Battery-operated clip-on fan attached to the centre of the bumper bar 

(~60cm away from the likely position of the infant), directing wind 

inwards to the stroller carriage 

Muslin Only 
Muslin (100% cotton) covering draped over propped-down canopy 

covering the front of stroller – secured to stroller with clothes pegs 

Flannelette Only 
Dry flannelette (100% polyester) covering draped over the propped-

down canopy covering the front of stroller – secured to stroller with pegs 

Muslin + Fan 
As per Muslin Only, with a clip-on fan attached to the centre of bumper 

bar beneath muslin covering 

Flannelette + Fan 
As per Flannelette Only, with the clip-on fan attached to the centre of 

bumper bar beneath flannelette covering 

Muslin + Moist 
As per Muslin Only, with the muslin cloth thoroughly soaked in tap 

water and wrung (non-dripping) prior to draping 

Muslin + Fan + Moist 
As per Muslin + Moist, with clip-on fan attached to the centre of bumper 

bar beneath moistened muslin covering 
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Figure 1. Schematic diagram of pre-determined 72.5 m route along which the stroller was 

pushed during each 20-min intervention. The red dashed lines indicate the stroller route, the 

red arrows indicate the direction, the hatched circle indicates the location of the environmental 

measuring unit, placed on the tarmac of the nearby parking lot unobstructed. 

 

A standard infant stroller (Inglesina Trilogy stroller, Italy) made with a lightweight and 

waterproof polyester canvas material with full-recline backrest, full-pivoting canopy and a 

removable bumper bar was used for all trials. The stroller is its unfolded position presented 

with the dimensions of 56 cm (width), 105.5 cm (height) and 82 cm (depth), with a weight of 

9.6 kg. This stroller design was selected for testing as it was commercially available and 

deemed to be broadly ‘typical’ in dimension and material composition. Future research is 

warranted to examine if the current findings are generalisable to other stroller models with 

different design features. It should be noted that the cooling interventions tested in the current 

study were selected as they could be feasibly used in conjunction with most standard stroller 

designs. During all trials, the stroller was pushed by the same researcher at a comfortable 

walking speed (approximately 1.4 m/s) along a predetermined 72.5m outdoor route (see Figure 

1). The set-up of the stroller between configurations was conducted in an adjacent air-

conditioned room (temperature of 23 ± 1°C; relative humidity of 70 ± 5%) over the course of 

10-min to ensure the baseline in-stroller temperature conditions were consistent between 

configurations. 
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Instrumentation 

Temperature sensors 

A purpose-built wire frame was fitted into the internal stroller carriage to which six 

temperature sensors (YSI409B with 9.5 mm sensor, range of operation: 0–60°C; accuracy: 

±0.2°C from 0°C to 60°C, ±0.1°C from 25°C to 45°C) were suspended to measure air 

temperature. These temperature sensors were shielded from direct solar radiation by the 

stroller canopy (which was closed) or the stroller canopy and the cloth covering in 

combination. Four thermistors were positioned to simulate the location of body segments of 

an infant (i.e., head, chest, abdomen, and lower limbs); and two thermistors were suspended 

15 cm from the top of the canopy to provide an indication of the thermal conditions in the 

upper portion of the stroller carriage space (Figure 2). All thermometric measurements were 

sampled at 5-s intervals via a portable data acquisition box and displayed in real- time via a 

laptop using LabView software (v7.0. National Instruments, Austin, TX), for a total duration 

of 20 min per intervention. 
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Figure 2. In-stroller thermistors and Kestrel 5400-unit placement within the purpose-built wire 

frame. Numbers 1–4 indicate individual thermistor placement relative to a simulated infant’s 

body segments (i.e., head, chest, abdomen, and legs). Numbers 5 and 6 indicate the 

thermistor placement measuring the temperature in the upper portion of the stroller carriage 

space, close to the canopy. The orange icon indicates the location of the Kestrel 5400 unit, 

placed near the centre of the wire frame, which was suspended 15 cm above the stroller seat 

surface. 

 

Other in-stroller environmental parameters 

A Kestrel 5400 series (Nielsen-Kellerman, Pennsylvania, PA) portable unit was also 

positioned in the stroller to measure in-stroller air temperature (Ta), relative humidity (RH), 

natural wet bulb temperature (Tnwb), black globe temperature (Tglobe), wet bulb globe 

temperature (WBGT) and air velocity. WBGT was calculated using the following equation: 

WBGT = 0.7Twb + 0.2Tglobe + 0.1Tdb. The unit was placed in the centre of the stroller carriage 

in an upright position (Figure 2) and was secured 15cm above the stroller seat surface by the 

purpose-built wire frame. All measurements were sampled at 5-second intervals. 
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External environmental parameters 

Outdoor air temperature, relative humidity, wind speed, and black globe temperature 

were measured by an environmental measuring unit (EMU) designed and built by the 

University of Sydney. Wind speed and direction were measured using an ultrasonic 

anemometer (Gill Instruments, UK). Black globe temperature was measured using a 100 mm 

platinum resistance thermometer (Temperature Controls, Australia) placed inside a 150 mm 

diameter copper globe (Irrigation Direct, Australia) painted matt black. Air temperature and 

wet bulb temperature were measured using two 100 mm platinum resistance thermometers 

(Temperature Controls, Australia). Both thermometers were mechanically aspirated with one 

covered with a cotton shroud and saturated with distilled water. A temperature data logger 

unit (Pico Technology PT-104, RS Components, Australia) with an accompanying PicoLog 

6 application programming software was used to record temperature measurements. The 

instruments were mounted on a modified tripod stand (Jaycar, Australia) at a height of 1.2 m. 

During all trials, the EMU was placed at a standardised, unobstructed location along the pre- 

determined route (see Figure 1). All environmental measurements were sampled and 

recorded at 5-s intervals via a tablet (Microsoft Surface Go) using customised software with 

the data subsequently exported for analysis. 

 

Stroller configurations 

The eight stroller configurations tested in the study were selected due to their 

conventional day-to-day use, using inexpensive and readily available resources (see Table 1, 

Figure 3). In the Closed Stroller configuration, the stroller canopy was put down, shading the 

stroller carriage from solar radiation whilst not impeding the airflow through the carriage 

(Figure 3). We opted for this control configuration as we deemed it likely that caregivers 

would opt to close the canopy during hot weather to help avoid excessive UV exposure. 
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Figure 3. The tested stroller cooling interventions. All fabric drapings were secured using plastic clothes pegs, ensuring that there were no 

gaps present. For illustrative purposes, the drapings of interventions E and F were raised on one side to display the position of the battery-

operated fan. 
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During the configurations involving the clip-on battery-operated fan (Tee-Zed 

Products, Guangdong, China), new batteries were used for each trial to avoid decrements in 

maximal fan speed, which was confirmed before each trial to be approximately 1 m/s. Muslin 

coverings (112 cm by 112 cm) which were predominantly white in colour and made from 100% 

cotton weave were used due to its high capacity to absorb moisture. One dry muslin covering 

was used for both the Muslin Only and Muslin + Fan trials. Two separate muslin coverings, 

which were saturated with tap water, were used for the Muslin + Moist intervention, and the 

Muslin + Fan + Moist intervention. The flannelette covering (112 cm by 112 cm), made from 

100% polyester, was not moistened as it was a non-absorbent material. Both the muslin and 

flannelette coverings were draped over the stroller carriage as single layer (i.e., unfolded). 

Experimental protocol 

Before the start of experimentation, three muslin covering were prepared for use. Two 

of these muslin coverings were weighed with a digital scale (±0.1g, Mettler Toledo, 

MS12001L) before and after being soaked in room temperature tap water and wrung-out to 

ensure complete saturation but to avoid dripping. These wet muslin coverings were then 

stored in separate sealed plastic bags until use to prevent water loss via evaporation. 

The set-up of each stroller configuration was conducted in an air-conditioned room set 

to 23°C. The stroller backrest was placed in a full recline (supine) position to simulate a young 

infant’s (from birth to 6 months) typical positioning. 

Based on the counterbalanced order, one of the eight stroller configurations was 

assigned as the first to be tested and the stroller was prepared accordingly. Before the prepared 

stroller was taken out of the air-conditioned room, a five-minute baseline period was observed 

to ensure that all stroller temperature sensors had equilibrated to room temperature (within 

1°C), across all temperature sensors. The stroller was then pushed continually outdoors along 

the pre-determined route (see Figure 1) at a comfortable walking speed of approximately 1.4 
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m/s. Each stroller configuration was tested for 20 minutes, at which point the stroller was 

pushed back to the air-conditioned room and placed in front of a pedestal fan to cool the 

interior carriage of the stroller to baseline room temperature. Once cooled, the stroller was 

prepared for the next experimental intervention. This process was repeated eight times each 

experimental day until all stroller configurations had been tested (Table 1). 

 

Statistical analysis 

All data are reported as means with standard deviation, unless otherwise stated. The 

GraphPad Prism (version 8.3.0, GraphPad Software, La Jolla, CA) software was used for all 

data analyses. Environmental parameter data for each stroller configuration were averaged over 

the 16 days of experimental testing. Separate one-way repeated measures ANOVA with the 

independent variable of stroller configuration (eight levels: Stroller Closed; Fan Only; Muslin 

Only; Flannelette Only; Muslin and Fan; Flannelette and Fan; Muslin + Moist; Muslin + Fan 

+ Moist) were used to analyse the differences in dependent variables (mean and end-of-trial 

environmental parameters). Paired T-tests were used to compare the volume of water 

evaporated, rate of water evaporation and the heat liberated from the evaporation of water from 

the muslin cloths. An alpha of 0.05 was used to determine statistical significance, hence, the 

probability of making type 1 error in all tests was maintained at 5%. When a significant effect 

was found, planned pairwise comparisons were made against the Closed Stroller Control 

configuration using two-tailed paired-samples t-tests, with Bonferroni adjustments made for 

multiple comparisons. 
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Results 

 

Outdoor environmental conditions 
 

The average outdoor air temperature (p = 0.257), relative humidity (p = 0.224), black 

globe temperature (p = 0.388), air velocity (0.89 ± 0.33 ms-1, p = 0.135), and WBGT (p = 

0.598) did not differ across the testing of the eight stroller configurations. The end-trial 

outdoor environmental parameters for each stroller configuration are presented in Table 2. 

 

In-stroller environmental conditions 

The average temporal (minute averaged) in-stroller environmental conditions for each 

stroller configuration are displayed in Figure 4. 

 

End-trial absolute stroller temperatures 

An effect of stroller configuration was observed for absolute in-stroller air temperature 

(p < 0.001), relative humidity (p < 0.001), black globe temperature (p < 0.001) and WBGT 

(p < 0.001). These data are presented in Table 2. In summary, the lowest absolute in-stroller 

air temperature was observed in Muslin + Moist + Fan (32.3 ± 4.2°C) followed by Muslin + 

Moist (33.6 ± 5.1°C), both of which were significantly lower than Closed Stroller Control 

(37.5 ± 4.7°C) (p < 0.009). In contrast, the highest absolute in-stroller air temperature was 

observed in Flannelette Only (40.0 ± 4.8 °C), followed by the Flannelette + Fan (39.5 ± 4.2 

°C) and Muslin Only (39.2 ± 4.5°C) configurations, all of which were higher than the Closed 

Stroller Control (p < 0.026). No differences in absolute in-stroller air temperature were 

observed in the Fan Only (37.2 ± 4.8°C) or the Muslin + Fan (37.9 ± 3.3°C) configurations 

compared with the reference control configuration (p > 0.995). 
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Table 2. The mean (mean of 16 separate experimental observations) end of trial in-stroller and outside ambient environmental conditions and the 

mean differences observed between in-stroller vs outside for each stroller configuration. 
 

Stroller configuration 

Outside 

Air Temp 

(°C) 

In-stroller 

Air Temp 

(°C) 

Outside 

absolute 

humidity 

(mmHg) 

In-stroller 

absolute 

humidity 

 (mmHg) 

Outside 

Relative 

Humidity 

(%) 

In-stroller 

Relative 

Humidity 

(%) 

Outside 

Black 

Globe 

(°C) 

In-stroller 

Black 

Globe 

(°C) 

Outside 

WBGT 

(°C) 

In-stroller 

WBGT 

(°C) 

Closed-Stroller (Control) 34.0 ± 4.3 37.5 ± 4.7 13.5 ± 5.2 16.4 ± 5.0 34.7 ± 14.4  34.6 ± 11.8 44.1 ± 4.7 40.4 ± 4.2 27.6 ± 3.4 28.3 ± 3.4 

Fan Only 33.8 ± 4.6 37.2 ± 4.8 13.6 ± 5.3 16.5 ± 5.6 35.1 ± 14.9 35.0 ± 12.3 44.4 ± 5.1 38.8 ± 4.6 27.6 ± 3.6 27.7 ± 3.6 

Muslin Only 33.1 ± 4.2 39.2 ± 4.5† 13.9 ± 5.2 17.1 ± 5.6 37.5 ± 15.7 32.3 ± 10.7  43.5 ± 5.9 42.3 ± 5.4 27.3 ± 3.6 28.9 ± 3.6 

Flannelette Only 32.8 ± 4.4 40.0 ± 4.8† 13.8 ± 5.2  18.2 ± 6.1 38.0 ± 16.2 32.7 ± 10.7 43.5 ± 5.2 42.7 ± 4.7 27.2 ± 3.6 29.3 ± 3.5 

Muslin + Fan 32.9 ± 3.1 37.9 ± 3.3 14.0 ± 5.0 16.4 ± 5.0 37.7 ± 14.2  33.0 ± 9.7  43.2 ± 3.9 39.7 ± 3.7 27.3 ± 3.1 28.7 ± 3.3 

Flannelette + Fan 33.6 ± 4.0 39.5 ± 4.2† 13.5 ± 5.1 16.2 ± 5.0 35.6 ± 15.2 30.6 ± 10.9  44.1 ± 4.3 40.7 ± 4.1 27.4 ± 3.0 29.3 ± 3.0† 

Muslin + Moist 33.1 ± 4.1 33.6 ± 5.1* 14.2 ± 4.8 19.7 ± 5.4
†
 38.0 ± 14.4 50.5 ± 11.3

†
 43.6 ± 5.0 36.6 ± 4.7* 27.5 ± 3.4 27.7 ± 3.4 

Muslin + Fan + Moist 33.5 ± 3.6 32.3 ± 4.2* 13.7 ± 5.1 19.9 ± 4.7
†
 36.0 ± 14.6 55.0 ± 11.4 

†
 43.8 ± 4.1 33.2 ± 3.9* 27.4 ± 3.0 26.7 ± 3.2* 

  
∆ In-stroller vs outside environmental conditions  

 
∆ Air Temp (°C) ∆ Absolute Humidity 

(mmHg) 

∆ Relative Humidity (%) ∆ Black Globe (°C) ∆ WBGT (°C) 

Closed-Stroller (Control)  +3.5 

 +3.4 

 +6.1 

 +7.2 

 +5.0 

 +5.9 

 +0.5 

 -1.2 

+2.9  -0.1 

 -0.1 

 -5.2 

 -5.3 

 -4.7 

 -5.0 

 +12.5 

 +19.0 

 -3.7 

 -5.6 

 -1.2 

 -0.8 

 -3.5 

 -3.4 

 -7.0 

  -10.6 

 +0.7 

 +0.1 

 +1.6 

 +2.1 

 +1.4 

 +1.9 

 +0.2 

-0.7 

Fan Only +2.9 

Muslin Only +3.2 

Flannelette Only +4.4 

Muslin + Fan +2.4 

Flannelette + Fan +2.7 

Muslin + Moist +5.6 

Muslin + Fan + Moist +6.3 

* Significantly lower than Closed Stroller Control (P<0.05). † Significantly higher than Closed Stroller Control (P<0.05). 
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Figure 4. The mean (minute averaged data) in-stroller environmental conditions for each stroller 

cooling intervention. Due to the number of interventions presented, error bars have been omitted 

for clarity. 

 

The lowest absolute in-stroller WBGT was also observed in Muslin + Moist + Fan (26.7 

± 3.2°C) which was lower than the Closed Stroller Control (28.3 ± 3.4°C) (p = 0.009). In 

contrast, the highest absolute WBGT was observed in Flannelette Only (29.3 ± 3.5°C) which 
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was higher than the Closed Stroller Control configuration (p = 0.024). The in-stroller absolute 

WBGT did not differ in any other stroller configuration when compared with Closed Stroller 

Control (p > 0.072). 

In-stroller vs outside temperatures 

The differences between the end-trial internal stroller temperatures and the corresponding 

outside temperatures are presented in Table 2, with an effect of stroller configuration observed 

for all environmental parameters (p < 0.001). In Closed Stroller Control the internal stroller air 

temperature was 3.5°C higher than outside (p < 0.0001), whilst WBGT was 0.7°C higher (p = 

0.0016). In comparison, during Muslin + Moist + Fan the in-stroller air temperature did not 

differ to outside (p = 0.124), however, the internal WBGT was lower than outside (p < 0.0001). 

During Muslin + Moist neither the in-stroller air temperature (p = 0.445) or WBGT (p = 0.446) 

differed to outside. During Fan Only, the air temperature was higher than outside (p < 0.0001), 

but the in-stroller WBGT did not differ (p = 0.796). All other stroller configurations resulted in 

a significantly higher in-stroller air temperature and WBGT compared with outside (p < 0.001) 

Difference between in-stroller vs outside temperatures relative to Closed-Stroller control 

When the differences in in-stroller vs. outside temperatures observed in the Closed 

Stroller Control (i.e., air temperature: +3.5°C, WBGT: +0.7°C) are used anchors for 

comparison, the relative efficacy of the other stroller configurations in lowering the internal 

stroller temperatures are presented in Figure 5. 
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Figure 5. The mean end-trial difference between the in-stroller vs outside air temperature (Ta) 

and WBGT, expressed relative to the difference observed during Closed Stroller Control. T1–

T6 represent the mean relative ∆Ta for each of the six thermistors located in the stroller chamber. 

*Significantly lower than Closed Stroller Control (p < 0.05). †Significantly higher than Closed 

Stroller Control (p < 0.05). 
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Table 3. Muslin characteristics pre- and post-trial and the evaporative cooling yielded. 

 

 
Muslin + 

Moist 

Muslin + Moist 

+ Fan 
P 

Dry mass muslin Pre (g) 171± 6 170 ± 7 0.720 

Wet mass muslin Pre (g) 601 ± 52 577 ± 55 0.302 

Wet mass muslin Post (g) 437 ± 73 391 ± 67  0.037* 

Water evaporated (g) 164 ± 36 186 ± 50  0.011* 

Heat liberated (kJ) 399 ±86 452 ±121  0.011* 

Rate of evaporation (g/min) 8.2 ± 1.8 9.3 ± 2.5  0.011* 

Water remaining (g) 266 ± 74 220 ± 68  0.042* 

 

Relative to Closed Stroller Control, the greatest reduction in air temperature (p < 0.0001) 

and WBGT (p = 0.0004) was observed in Muslin + Moist + Fan. Smaller -but still significant - 

reductions in air temperature (p = 0.009) and WBGT (p = 0.015) were observed in Muslin + 

Moist, compared with the Closed Stroller Control reference condition. During the Fan Only 

configuration the in-stroller vs outside difference did not differ for air temperature relative to 

the Closed Stroller Control (p = 0.999) but a larger reduction in WBGT was observed (p = 

0.033). 

All other stroller configurations resulted in a larger elevation of in-stroller air 

temperature and WBGT compared with the Closed Stroller Control (p < 0.032). The most 

severe heating effect was observed in Flannelette Only followed by Muslin Only. Smaller -but 

still substantial - increases in in-stroller temperatures were observed in the Muslin + Fan and 

Flannelette + Fan configurations. 

 

Water evaporation from moistened cloths 

The mass of the muslin and flannelette cloths before and after water saturation and pre 

and post each experimental trial are presented in Table 3. The values were used to derive the 
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amount of water evaporated from the cloth and the resultant heat liberation during each trial 

(i.e., water evaporation (g) = wet mass muslin Pre (g) – wet mass muslin Post (g)). The heat 

liberated by the evaporation of water from the wet muslin cloths was calculated assuming a 

latent heat of water evaporation of 2430 J/g at 30°C. 
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Discussion 

The present study examined the efficacy of eight low-cost stroller configurations 

commonly adopted during hot and moderately humid summer weather to mitigate the 

development of in-stroller carriage heat stress. The main findings of the study are: (1) draping 

a light-coloured moist muslin cloth over the stroller carriage reduced both the air temperature 

and the WBGT inside the carriage; (2) this stroller configuration was further optimised when 

coupled with the use of a clip-on battery operated fan; (3) the use of clip-on fan in isolation 

yielded a marginal reduction in WBGT, but had no effect on air temperature; (4) all other 

configurations - including the draping of dry muslin and flannelette cloths over the stroller 

carriage - worsened the prevailing level of heat stress inside the stroller. 

 

Stroller cooling: harnessing evaporation 

The largest cooling effects were observed when a moist muslin cloth was draped over 

front of the stroller. This cooling effect can be attributed to the evaporation of moisture from 

the cloth resulting in the extraction of latent heat energy from the stroller carriage. When a 

moist muslin draping was used in isolation (Muslin + Moist) in-stroller air temperature was 

reduced by 3.0 °C compared with the standard- practice Closed Stroller control configuration 

(Figure 5). Additionally, a 0.5°C reduction in WBGT - a unified heat index which integrates 

the key parameters of the thermal environment to determine the overall heat stress severity -

was also observed inside the stroller when covered with a moist muslin cloth. 

The moist muslin draping provided an even larger cooling effect when combined with a 

battery-operated fan attached to the front of the stroller which circulated air around the stroller 

carriage at approximately 1 m/s (Muslin + Moist + Fan). The additional forced convection 

contributed to increased water evaporation from the cloth (approximately 22g, Table 3), further 

augmenting heat loss from the stroller, whilst also reducing the vertical temperature gradient 
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evident throughout the carriage (Figure 5). This combined intervention, reduced in-stroller air 

temperature by 4.7°C and the WBGT by 1.4°C, compared with the Closed Stroller Control. It 

should, however, be noted that whilst air temperature and WBGT were lowered by the wet 

drapings, the water vapour pressure (absolute humidity) inside the stroller was increased in the 

stroller carriage (Figure 4, Table 2), which may have implications for in-stroller thermal 

comfort. 

Evaporative cooling techniques have been reported previously to be efficacious in an 

array of different contexts for adults exposed to heat stress, including via misting fans [18-20], 

water dousing [21] and the moistening of clothing garments [22]. Whilst it is important to 

acknowledge that the evaporative cooling techniques examined in the current study may be 

less effective in hot and very humid conditions owing to a lower evaporative potential of the 

environment, the current findings do highlight the potential utility of evaporative cooling 

techniques to help safeguard infants during hot and moderately humid weather. Future research 

is warranted to examine the efficacy of stroller cooling techniques under different climatic 

conditions. 

 
Increasing convection via a battery-operated fan 

 

When a battery-operated fan was used in isolation (Fan Only), the in-stroller air 

temperature did not differ to the Closed Stroller control. Thermodynamic principles explain 

this observation as increasing convection via a fan provides no physical means of heat 

extraction and merely facilitates additional circulation of warm ambient air which is, at best, 

equal to the outdoor shaded air temperature. However, the higher internal air velocity did result 

in a in a small (0.6°C) reduction in WBGT, compared with the Closed Stroller Control 

configuration. Critical environmental threshold limits for electric fan efficacy have been 

defined previously [25-28] and indicate that fans are always beneficial when air temperature is 
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lower than human skin temperature, but can also confer thermoregulatory advantage at 

temperatures at least as high as 40°C. However, the efficacy of fan use at these higher 

temperatures is reliant on their facilitation of additional sweat evaporation from the skin surface. 

Whilst most babies >37 weeks (gestational age) can secrete sweat [29], their maximal 

sudomotor capacity is thought to be up to three times lower than that observed in older children 

and adults [30]. Additionally, the stroller setting is unique in that only half of the infant’s body 

surface area is available for convective and/or evaporative heat exchange as the other half is 

obscured by the seat which may in turn alter the efficacy of fan-based cooling interventions. 

Given these considerations, in-stroller fans (without accompanying evaporative cooling 

methods) should be used with caution, and future research is required to determine the upper 

environmental limits for safe and effective fan use during infancy. 

 

In-stroller thermal environment: Beware of potential heating effects 

It was noteworthy that other stroller covering techniques substantially exacerbated the 

in-stroller heat stress compared with the Closed Stroller control. The draping of both dry 

muslin and dry flannelette cloths over the front of the stroller carriage increased the in- stroller 

air temperature (Muslin Only = +2.6°C; Flannelette Only = +3.7°C) and WBGT (Muslin Only 

= +0.9°C; Flannelette Only = +1.4°C). The covering of the stroller entrance with either a dry 

muslin or flannelette cloth reduced natural ventilation through the stroller - as evidenced by 

lower air velocity observed in the covered stroller configurations (Figure 4(d))—resulting in a 

net heating of the carriage as heat was gradually absorbed and retained. 

To date, only anecdotal evidence of elevated in-stroller temperatures during hot weather 

has been reported [17]. However, more robust evidence derived from vehicle research indicates 

that even in moderately hot ambient conditions (e.g., 32 °C), the internal temperature of an 

enclosed vehicle (e.g., a car) can be up to 25 °C higher, leading to very dangerous levels of 
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heat stress [31, 32]. Our data highlight that a similar phenomenon could manifest when the 

stroller carriage is encapsulated with a dry material covering. For example, during the final 15-

min of Muslin Only configuration the stroller carriage heated at a rate of +0.20 °C/min, whist 

a similar heating rate of +0.26 °C/min was observed during the Flannelette Only strategy. It 

therefore stands to reason that substantial - and potentially hazardous - elevations in carriage 

temperature could develop over longer heat stress exposures (e.g., 1 h). 

The addition of a battery-operated fan to the dry cloth configurations did attenuate the in-

stroller heating effect yet failed to provide benefit relative to the Closed Stroller Control. In 

terms of material selection, the dry flannelette draping resulted in higher end-trial stroller 

temperatures, compared to the dry muslin covering; an observation likely explained by the 

additional thickness and polyester composition of the flannelette which is associated higher 

thermal resistance [33, 34] which promotes additional heat retention. It should be acknowledged 

that the muslin and flannelette cloths were not matched exactly for colour which may have 

impacted the absorption, reflection, and transmission of radiant heat [35], however, both were 

both predominantly white in colour with a printed pattern (which was however slightly darker 

on the flannelette).  

However, regardless of material type, our data provide compelling evidence that dry 

material coverings that excessively impede airflow through the carriage should not be used to 

cover the stroller during periods of hot weather. One important caveat here is that whilst 

refraining from fully covering the stroller carriage with a material draping, it is important that 

efforts are taken to ensure the carriage is not directly exposed to solar radiation. For example, 

this may be achieved by closing the stroller canopy - as was the case in the Closed Stroller 

control configuration - or by other means such as the use of a parasol attached to the stroller 

frame which may serve to provide shade without impeding airflow through the stroller carriage. 
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Physiological relevance 
 

Although the physiological consequences of the differing stroller configurations were not 

assessed, the thermo-physiological relevance of our findings is clear. Whilst wide variations in 

sweating responses are observed among infants depending on their age and maturation status 

[36], their absolute sweating capacity can be up to three-times lower than that of adults [30, 

37]. Although this impairment may be negated to a certain extent by a greater sweat output per 

unit of body mass due to a higher surface area-to-body mass ratio, it is generally accepted that 

infants exhibit a lower capacity to dissipate body heat via evaporative pathways compared with 

older children and adults [2, 6]. Additionally, their surface area-to-mass ratio may also promote 

dry heat gain when ambient temperature exceeds skin temperature, further increasing the risk 

for infant hyperthermia. This is particularly saliant as babies/infants typically exhibit lower skin 

temperatures compared with older children and adults [38] meaning that the skin-to-ambient 

temperature gradient is reversed in favour of heat storage (skin temperature < ambient 

temperature) at lower ambient temperatures. It is also desirable to limit the severity of heat 

stress experienced inside the stroller to avoid the need for infants to sweat excessively to help 

prevent the insidious development of hypohydration which may further exacerbate the risk for 

morbidity [1].  

Beside the risk of heat-related illness, infant heat stress may also result in thermal 

discomfort and disturbance to sleep patterns [39, 40]. Although the upper thermal limits for the 

avoidance of infant thermal discomfort are poorly understood, the maximum tolerable air 

temperature is thought to be in the region of 35°C for a naked baby and slightly lower when 

dressed [41] - only the Muslin + Moist and Muslin + Moist + Fan configurations succeeded in 

preventing the mean in-stroller temperature exceeding this threshold under the conditions 

assessed (see Table 2). 
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Translational importance 
 

The current findings may inform evidence-based guidance regarding stroller heat safety 

management which may be disseminated to caregivers through healthcare services (e.g., 

antenatal classes, online health advice, etc). Evaporative cooling techniques may be advocated 

as efficacious stroller cooling strategies for use in hot weather. In contrast, caregivers should 

be advised to refrain from using dry material coverings that limit natural ventilation through 

the stroller as these exacerbate the heat stress within the carriage. The relevance of these 

findings may also translate to other settings in which infant thermal comfort is of concern. 

Evaporative cooling may also be suitable for use in indoor settings during hot weather when 

air conditioning is not readily available. For example, the use of a moist muslin cloth in 

conjunction with a fan may be feasibly employed to help cool the internal chamber of a 

bassinet/cot in which infants typically sleep. However, it acknowledged that future research is 

required to better understand the interaction between temperature, humidity, and outcomes 

such as infant comfort and sleep quality and to ultimately determine the efficacy of the tested 

cooling interventions in free living settings. Such cooling methods are simple and affordable 

and may therefore be employed as an accessible heat stress mitigation strategy when energy 

air-conditioning is inaccessible and/or prohibitively expensive, for example, in low- and 

middle- income countries [42]. 

Limitations 

No human participants were involved in experimental testing and, therefore, it was not 

possible to assess the thermo-physiological consequences of the eight stroller configurations. 

However, the study design afforded well-controlled quantification of the thermal effects of each 

stroller configuration. Secondly, only one stroller type was tested, and it is therefore possible 

that the efficacy of the cooling techniques may vary if applied to a stroller of vastly different 

design and/or material composition. However, the current stroller was selected due to its generic 
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design and similarity to other commercially available infant strollers. Additionally, we 

acknowledge that we did not exhaust all possible cooling strategies (e.g., incorporation of ice 

blocks/phase change cooling materials into the stroller configuration), and therefore alternative 

cooling methods may also be efficacious. The cooling techniques were also only assessed over 

a 20-min period, so their efficacy remains unknown over an extended duration. Future research 

is required to examine the efficacy of cooling interventions during prolonged heat-stress 

exposures and to determine the extent to which these may help mitigate the level of heat stress 

experienced in the stroller carriage over time. However, when the moist muslin draping was 

employed, the amount of water remaining in the cloth after 20-min well exceeded the amount 

of water evaporated (Table 3). It is therefore expected that the Muslin + Moist and Muslin + 

Moist + Fan configurations would have continued to confer cooling benefit for at least an 

additional 20 min (40-min in total, assuming an evaporation rate of approximately 9 g/min). 

Moreover, the longevity of these simple cooling methods may be extended further by regular 

re-wetting the cloth using a hand-held water spray bottle. Further research is warranted to 

elucidate the critical time limits for these infant stroller evaporative cooling interventions - such 

information may be yielded using experimental methods like those used in the current study or 

via the use of thermal manikins which have been used previously to assess infant heat stress 

[23, 24]. However, our recommendation is that future research should prioritise examining the 

efficacy of stroller cooling interventions with human (infant) participants, enabling the 

physiological effects of in- stroller cooling to be examined. 

 

As no infants were recruited to this study, the impact of metabolic heat production and 

insensible water losses (i.e., from the skin and respiratory system) was not assessed and, 

therefore, it is unknown to what extent this might have altered the in-stroller conditions had an 

infant been in situ. However, based on estimated resting infant metabolic rates and whole body 

sweat losses, in conjunction with the high air exchange within the stroller carriage, it is deemed 



138 

 

highly unlikely that the in-stroller temperature and/or humidity would have been elevated 

meaningfully. Additionally, the surface temperatures of the various stroller components were 

not assessed. As such, it is not possible to determine how the potential for conductive heat 

transfer between an infant and the stroller might have been impacted by the different stroller 

configurations. However, we consider the likely role of conductive heat transfer between 

stroller and infant to be negligible as the stroller carriage was completely shaded from direct 

solar radiation (either by the canopy or the canopy and cloth covering in combination), thus 

limiting the heating of the internal stroller surfaces. Furthermore, when positioned within the 

stroller carriage, the infant is in contact with the seat (i.e., the posterior aspect of the legs and 

torso), further shielding this material surface from solar radiation. From a human heat balance 

perspective, it is likely that dry heat exchange would occur primarily via convection, thus, we 

opted to focus on the measurement of the in-stroller air temperature. The use of thermistors 

suspended inside the stroller carriage was deemed both appropriate and practical for use in the 

current experimental set-up due to the shading provided by the stroller canopy (and material 

coverings), the consistent airflow through the carriage and the relatively stable environmental 

conditions. Additionally, the use of small thermistors enabled multiple temperature 

measurements, providing insight into the spatial variation inside the stroller. However, it 

should be acknowledged that this measurement technique may not be suitable in other settings 

in which such conditions are not met. For example, when the temperature sensors are exposed 

to direct solar radiation or when airflow is restricted, the use of a shaded and aspirated dry bulb 

thermometer in con- junction with a black globe temperature sensor is likely to be a more 

appropriate measurement tool. 

Finally, whilst we opted to use the WBGT index to integrate the key environmental 

parameters and provide an assessment of the overall level of heat stress, we acknowledge that 

WBGT is not typically applied to compartment settings - this should be considered when 
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interpreting the differences observed inside the stroller carriage across the various 

configurations. However, it is important to note that WBGT was not used to inform decision 

making (i.e., to establish thresholds with which the efficacy of the cooling inventions was 

assessed) but, instead WBGT was simply used as a composite index to express the combined 

effects of multiple environmental parameters. 
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Conclusion 

Our findings provide clear empirical evidence in support of the use of a moistened light-

coloured muslin cloth draped over the entrance of the stroller carriage to reduce in-carriage 

infant stroller heat stress. The optimal cooling effect was achieved when a moist muslin draping 

was coupled with additional forced convection delivered by an inward facing battery- operated 

fan attached to the stroller frame. In contrast, other widely adopted stroller configurations 

exacerbated heat stress conditions inside the stroller. For example, the draping of a dry cloth 

(both muslin and flannelette) substantially worsened the heating of the stroller carriage and 

should, therefore, be advised against during periods of hot weather to help prevent dangerous 

levels of in-stroller heat stress. 
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Summary 

This thesis sought to investigate strategies to mitigate thermal strain in infancy in targeted 

clinical and free-living environmental scenarios, with the specific aims of:  

A) comparing the suitability and level of agreement in using a skin site on the neck over the 

carotid artery (Tneck) – which has previously been shown to be a promising method in 

anesthetised children undergoing elective general surgery – with the traditional method 

used currently (Tfeedback) as a surrogate measure of an invasive core (rectal) temperature 

(Trec) in infants nursed under a radiant warmer (Chapter 3).  

B) comparing the suitability and level of agreement of potential skin contact temperature 

sites – specifically the lower back region (Tback) when an infant is lying in supine, and on 

the chest (Tchest) when an infant is lying in prone – with the traditional method used 

currently (Tfeedback) as a surrogate measure of core temperature measured rectally (Trec) in 

infants nursed under a radiant warmer (Chapter 5).  

C) empirically examining the cooling efficacy of eight different low-cost stroller 

configurations, to reduce the heat stress experienced inside an infant stroller carriage in 

hot and moderately humid weather conditions (Chapter 7).    

This thesis has demonstrated that the current method of estimating core temperature using a 

skin temperature measurement with a sensor along the mid-axillary line has extremely poor 

accuracy in premature infants nursed under radiant warmers in the neonatal intensive care unit. 

As such, this may lead to bouts of overheating and/or underheating of the infant, thus increasing 

the risk of physiological stress as the infant experiences thermal strain in this clinical 

environment. Another setting in which infants can potentially experience thermal strain is when 

being pushed in a stroller during periods of hot weather. This thesis addresses this common issue 

by investigating optimal cooling interventions that are low-cost and reproducible in everyday 

settings. 
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In Chapters 3 and 5, alternative skin sites for temperature sensor placement were assessed for 

their level of agreement with rectal temperature and overall feasibility. Chapter 3 established the 

better utility of using Tneck as a non-invasive estimate of core temperature compared with the 

traditional Tfeedback site over the mid-axillary line along the side of the thorax. However, there 

remained a tendency for Tneck to yield highly variable estimates of core temperature and 

systematically underestimated temperature compared with that measured in the rectum. In 

Chapter 5, it was demonstrated that placing temperature sensors at strategic contact skin sites i.e., 

on the lower back in the supine position, and on the chest in the prone position, resulted in very 

high levels of agreement with rectal temperature due to the principle of zero heat flux. These 

findings indicate that measuring skin temperature at a site that is in continual contact with the 

mattress provides the optimal non-invasive estimate of core temperature.  

In Chapter 7, the issue of infant heat stress in the context of baby strollers was assessed. It 

was shown with clear evidence that during 20-minute bouts in hot, sunny, and moderately humid 

weather, stroller covering configurations that incorporated a source of evaporative cooling (i.e., 

moistened muslin coverings coupled with fan use), effectively reduced the ambient temperature 

within the stroller carriage by 4.7°C, when compared to a standard-practice stroller configuration. 

In contrast, the common practice of shading the stroller with a dry muslin or flannelette covering, 

substantially increased the in-stroller temperature by 2.6°C and 3.7°C respectively, potentially 

increasing the risk for heat-related discomfort and/or heat-related illness.  

Detailed findings of these studies are discussed in the respective chapters within this thesis. 

The subsequent section discusses the broader implications of these findings and highlights 

opportunities for further research in these areas.  
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Implications and future directions 

Non-invasive methods for monitoring core temperature in infants nursed under radiant warmers 

Previous studies have investigated using alternative skin sites, aside from Tfeedback, as non-

invasive methods to estimate body temperature in this population of infants [1-3].  However, 

these previous studies had certain limitations when translating the findings into overarching 

clinical practice, such as short data collection durations, or observing infants who were sedated 

throughout the data collection process [1, 4]. Therefore, this thesis aimed to address these 

potential limitations by exploring a longer observation period of 4 hours in tandem with current 

nursing practice of temperature monitoring [5], and with infants who were generally well and 

alert when awake, providing evidence to inform more practical applications in clinical NICU 

practice. 

Chapter 3 and 5 demonstrated that Tfeedback exhibited an inferior level of agreement when 

compared to Tneck and the contact skin sites (Tback and Tchest). Importantly, Tback and Tchest - when 

in contact with the mattress - provided an even better estimation of core temperature compared 

with Tneck. We therefore present strong evidence to propose that current NICU guidelines should 

be updated to recommend the use of skin-contact sites to derive a more accurate non-invasive 

estimation of core temperature, as these alternative skin sites have demonstrated their feasibility 

and suitability for use in clinical settings to aid in the thermal monitoring of premature infants. 

This argument represents a clear shift away from the recommendations commonly promoted in 

clinical settings, for example, that “axillary and abdominal skin temperatures are the preferred 

sites for measuring skin temperature” [5] or that after initial determination of baseline rectal 

temperature, axillary temperature should be taken thereafter as regular surrogate measure of core 

temperature [6]. 

 Furthermore, the application of the temperature sensors on these alternative skin sites 

will have minimal to no disruption to current clinical practice due to ease of access to these sites. 
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Future research can investigate the suitability of these skin sites on infants of a wider postnatal 

age range and determine if similar results can be demonstrated on different radiant warmer brands 

and models. A potential advancement to the application of the zero heat flux phenomenon is to 

consider reducing the reliance of temperature sensors attached to the relatively fragile infant skin. 

These sensors could be incorporated into the design of the radiant warmer mattress itself, which 

will allow continual measurement of skin contact temperature, regardless of infant position. This 

method may potentially eradicate potential issues such as dislodgement of temperature sensors 

and irritation to the infant skin due to prolonged use [7]. This innovation can be applied in other 

settings too where invasive core temperature measurements are impractical, such as in baby cot 

mattresses during sleeping, or in car seats. 

 

Cooling strategies for infant strollers during hot weather 

Whilst there had been some previous discussion concerning the detrimental effects of 

stroller usage and cloth coverings in hot weather [8-10], these have typically focused on rather 

speculative concerns around air quality (e.g., a build-up of carbon dioxide within the stroller) and 

the potential deprivation of Vitamin D as a result of reduced sun exposure [8]. All previous 

discussion around the potential issue of in-stroller heat stress appears to originate from newspaper 

interviews and is built upon extremely weak scientific foundations. The only “evidence” that has 

been identified stems from a newspaper interview after which the journalists conducted a very 

crude 90-min experiment which revealed a heating effect of covering a completely static pram 

during hot weather [11]. However, the method used to quantify the in-stroller temperature was 

not described, nor were any additional experimental controls detailed. The static nature of the 

stroller in this “study” is also extremely unrealistic as it is unlikely that parents and caregivers 

will leave their infants in such a vulnerable position.  Infant behavioural symptoms i.e., crying, 

when experiencing heat stress, would also alert the parent to tend to the infant, further reducing 
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the likelihood of a caregiver leaving their child in a static stroller exposed to extended periods of 

solar radiation. Furthermore, no study had previously investigated low-cost cooling strategies for 

outdoor stroller use in hot weather, hence Chapter 7 explored a novel approach to address this 

research aim and offer practical solutions. Our attempt to create awareness in public and 

professional domains, was aided by the considerable media interest the publication of the 

manuscript attracted, including national feature pieces on ABC and Channel 9 news, a widely 

read Conversation article and over 410,000 views on Instagram (see Appendix E).  

Chapter 7 was designed as a proof-of-concept study to test various potential methods to 

effectively cool a stroller carriage during periods of hot weather. Due to the untested nature of 

the stroller interventions, there was a possibility that the interventions could increase the 

temperature within the stroller carriage considerably, thus potentially harming an infant in the 

testing process. This consideration was the primary reason for not conducting this study with 

human infant participants. Indeed, the heating of the stroller carriage was substantially 

accelerated when covered with a dry material draping (i.e., using a muslin or flannelette cloth). 

In contrast, the use a moistened muslin covering, with and without the use of a clip-on fan, 

effectively cooled the stroller carriage, when compared to the conventional stroller set up with 

the stroller canopy in a propped down position. The data provide clear empirical evidence in 

support of the efficacy of the abovementioned interventions.  Future research is now warranted 

to investigate their efficacy of these strategies to mitigate the physiological strain experienced by 

human infant participants exposed to hot weather when transported in strollers. Outcome 

variables that may be considered from the infant’s perspective include infant behaviour (e.g., 

irritability, restlessness, etc.) and sleep quality. Additionally, the thermal comfort of the infant, 

as perceived by the parent, may be of particular interest. Furthermore, the measurement of body 

core temperature – either via rectal thermometry or non-invasive axillary temperature – and skin 

temperature would help establish the efficacy of stroller cooling strategies to mitigate the 



152 

 

physiological thermal strain experienced by infants whilst housed in a stroller. Other parameters 

such as heart rate and oxygen saturation may also be measured to monitor the infant’s 

physiological status in response to stroller cooling.   

When designing the Chapter 7 experimental protocol, it was reasoned that a 20-minute 

bout would be a sufficient length of time to simulate a stroller in transit from one destination to 

another. The findings highlighted that the effects of the evaporative cooling tended to plateau 

before the end of the 20-minute bout. Based on our findings, we can safely estimate that the 

muslin covering would dry out by around the 40-minute mark, eliminating the evaporative 

cooling effect. Further research can investigate the sustained effect of evaporative cooling, by 

intermittently moistening the muslin coverings using a simple spray bottle, for example, every 5 

minutes, instead of only at the start of the intervention as conducted in our study. 

The experimental protocol also utilised a predetermined route and fixed walking speed 

within the boundaries of an outdoor area outside a laboratory building. This serves well in terms 

of ensuring standardisation during the testing phase. With our study findings in mind, future 

research can consider the manipulation of other environmental components, such as conducting 

the study in an outdoor park versus a built-up high rise urban environment, with different walking 

and running speeds, to determine if our findings can be translated to these settings. Likewise, the 

trials in this study were all conducted in hot and moderately humid weather. The efficacy of 

stroller cooling interventions should be examined in different climate conditions (e.g., hot and 

dry, with and without wind), as these conditions could impact the rate of evaporation from the 

muslin coverings and influence the effectiveness of the evaporative cooling interventions. 

Additionally, the effectiveness of the stroller cooling strategies in hot and very humid conditions 

as experienced in tropical and equatorial environments e.g., in countries such as India, Pakistan, 

Singapore and Brazil, requires further investigation.  
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Other variables can also be considered to further test the robustness of Chapter 7’s 

findings. The thesis study only tested a single type (brand) of muslin covering that was 

commercially available in Australia. Different muslin brands with varying weave densities – as 

well as different absorbent materials – should be tested in the future, as the material 

characteristics (i.e., weave, thickness etc.) may affect the rate of water evaporation, influencing 

the evaporative cooling effect. The muslin covering was also draped in a single layer only as a 

means of standardising the testing protocol. It is uncertain if added muslin layers would elicit 

similar findings, as adding layers may allow for a greater total volume of water to be absorbed 

by the draping. This might in turn extend the time taken to dry itself out, which will then extend 

the duration of effective evaporative cooling.  The clip-on battery-operated fan with foam blades 

used in the study elicited a maximal fan speed of ~ 1 m/s. Other fan types eliciting higher, or 

lower, fan speeds can be tested to determine if any addition or reduction in forced convection 

will alter the magnitude of cooling when used in combination with a wet draping. Furthermore, 

our study only utilised tap water at room temperature for moistening. This was decided to 

facilitate the ease of attaining the water source. However, future research can also look into the 

temperature of the water e.g., refrigerated water, as a variable to compare the resting baseline 

temperature and subsequent rates of evaporative cooling. 

 An additional limitation of Chapter 7 is that only one stroller type was used throughout 

the study. This was considered to be an appropriate method to standardise the experimental 

protocol. However, as there are a multitude of variations in stroller and pram configurations that 

are commercially available, further research is required to determine if our findings also apply to 

alternative strollers with differing materials and carriage configurations. Finally, in a similar vein 

to Chapter 5’s findings, a potential advancement to the temperature monitoring of the stroller 

carriage configuration may be the development of a temperature sensor embedded within the 

stroller, or the use of materials that better help cool the in-stroller environmental conditions. 
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These innovations may be useful to help better monitor the stroller conditions during periods of 

hot weather and help facilitate a proactive approach to stroller heat management. 
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Thesis conclusions 

This thesis explored various targeted strategies to measure and mitigate thermal stress in 

two different scenarios to help optimise infant care.  In the clinical setting, Chapters 3 and 5 have 

demonstrated that in infants nursed under radiant warmers, alternative skin sites provide a 

superior surrogate measurement of core temperature, as demonstrated by their higher level of 

agreement with infant rectal temperature, when compared to the traditionally used Tfeedback site. 

In Chapter 3, skin temperature over the carotid artery was shown to provide a better estimate of 

rectal temperature compared with Tfeedback, however, high measurement variability and a 

systematic underestimation of core temperature remained common. Chapter 5 demonstrated that 

even closer agreement with rectal temperature could be obtained from skin contact sites at which 

zero heat flux between the infant body and the surrounding environment could be achieved. 

Deriving an estimate of core temperature from zero heat flux skin contact sites may represent the 

optimal non-invasive measurement method for use in NICU settings.   

In Chapter 7, the free-living efficacy of various low-cost and sustainable stroller cooling 

interventions was examined. The findings clearly demonstrate the utility of a wet muslin covering 

combined with a battery-operated fan to mitigate the severity of heat stress experienced inside a 

stroller carriage during hot and moderately humid weather. Chapter 7 also highlighted methods 

that should be avoided in these weather conditions, such as the use of a dry muslin covering and 

flannelette. It is hoped that these findings will result in updated heat-health advice and guidance 

for dissemination to parents/caregivers during periods of extreme heat to help protect infants 

when being transported in a stroller. Overall, the findings contained within this thesis should be 

considered in the context of infant heat-health decision making in both clinical and free-living 

public health settings. 
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