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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 (Treedback), S 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 (Twack) 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 (Tteedback) @S @ 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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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 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
with dry heat gain as heat energy flows down from a higher to lower temperature gradient. This may lead
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11



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

absolute Theck, Tteedback With absolute Trec.

Chapter 4: Experimental Study Two

Table 1: Infant characteristics.

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.

Figure 1: Schematic diagram illustrating the skin sensor placements on the infant. A. Supine: 1 — Trorenead
(centre of forehead); 2 - Tenest (Centre of sternum); 3 — Tandomen (Upper abdomen); 4 - Tarm — (Upper anterior
arm); 5 — Tredvack (Mid-axillary line at the lateral aspect of trunk); 6 — Twmign (anterior thigh); 7. Troot -

(dorsum of foot). B. Prone: 8 — Track (L4-L5 region at the paraspinal aspect).

Figure 2: Left: Bland-Altman plots illustrating the mean bias (solid line) and 95% confidence intervals (+1.96
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limits of agreement (0.5 °C) for estimating core temperature. Right: Simple regression analysis of the

relationship between absolute Thack(contact), Treedback With absolute Trec in the supine position.

Figure 3: Left: Bland-Altman plots illustrating the mean bias (solid line) and 95% confidence intervals
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temperature and the skin temperature measured on the chest (Tchestcontacy) @nd 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 (x0.5°C) for estimating core temperature. Right:
Simple regression analysis of the relationship between absolute Tchest(contact), Tteedback With absolute Trec in the

prone position.

Figure 4: Individual participant examples of the temporal Toackontacty VS Trec temperature response during

experimental observation.

Chapter 5: Experimental Study Three

Table 1: Summary description of cooling interventions (see Figure 3 for images).

Table 2. The mean (mean of 16 separate experimental observations) end of trial in-stroller and

12
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outside for each stroller configuration.

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.

Figure 2: In-stroller thermistors and Kestrel 5400-unit placement within the purpose-built wire frame.
Numbers 14 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
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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.

Figure 4. The mean (minute averaged data) in-stroller environmental conditions for each stroller cooling
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*Significantly lower than Closed Stroller Control (p < 0.05). "Significantly higher than Closed Stroller
Control (p<0.05).
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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 Treedback [11, 12]. Whilst it is intended
that Treedback SEFVES as a surrogate method to measure core body temperature in the infant, recent
studies had determined that the present Treedback 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 Treedback, With poor agreement between Treednack 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 Treednack Measurement site in paediatric patients under general anaesthesia during
elective surgery. This Treck Mmeasure 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.

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
(Tteedback), 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 Theck

compared to Tteedback-

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 (Twack) 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 (Tteedback), @S @ 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 Tpack (When

supine) and Tchest (When prone) compared to Treedback-
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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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where VO is the rate of oxygen consumed (L-min"t 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 x (AT/ Ax) x S (W)

wherein k is the thermal conductivity of the material in contact with the skin (W-m™°C-1), AT is
the temperature gradient (°C), Ax is the thickness of the material heat is conducted through (m),
and S is the surface area in contact with the conductive material (m?) [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= h(p1—p;) (Wm*kPa)

where: E — rate of evaporative heat loss per unit area; h, — evaporative heat transfer coefficient
(W-m?-kPa); p; —skin surface water vapour partial pressure; p, — 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/m?/h, compared to an infant born full-term, which is at 4-8 g/m?/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[m?] = weight[kg]®?® x height[cm]®"?°
x 0.007184), for a typical adult weighing 70kg with a height of 1.8metres, his body surface area
equals to 1.88m?2. His body surface area to mass ratio will then be 1.88m?/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

34



will equate to a body surface area of 0.15m?. The body surface area to mass ratio will then be
0.15m?/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
atemperature 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.

36



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 (Tteedvack) [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 Treedback, and a poor agreement between Treedvack 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
+1°C 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 36.5°C 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
Treedback 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 Tec would be superior

With Theck compared to Treedback-
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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.

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.

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 (m?)* 0.16 0.03
Mean skinfold thickness (mm) 1.43 0.07

*Formula to calculate body surface area (m?): weight[kg]®“%® x height[cm]®7?® x 0.007184 (Du Bois & Du Bois, 1916)

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 (Tteedback) 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 (Ttorenead), @bdomen (Tabdomen), Chest (Tchest), back (Toack),
thigh (Ttign), foot (Ttoot) and upper arm (Tam). 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
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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£1.0°C and ambient humidity as 45+8%.

Statistical Analysis

Bland-Altman plots were used to assess the agreement between the Tpeck 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 Treck, 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 Treednack 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 Treednack - Based on the acceptable limits of agreement determined a priori, 82.1% of
Theck and 54.7% of Treedback Values were within £0.5°C of Ty (See Figure 3). Above a true core
temperature (measured rectally) of ~37.0°C, Treedback 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 Treedback and Trec was ~1.5°C, i.e., the infant was
hyperthermic, but according to Treednack Value the infant would have been incorrectly assessed as

being normothermic.

The inter-individual variability in the difference between Theck and Trc 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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Tneck - Tree (°C)

between Treedvack 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.
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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 (Treck) and the servo-feedback temperature sensor of the radiant
warmer positioned at the mid-axillary line (Treedback). 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 Treck, Treedback With absolute Trec.
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Discussion

This study examined the levels of agreement of skin temperature measured over the carotid
artery (Tneck) @s a surrogate measure of core body temperature when compared to the conventional
mid-axillary skin sensor placement (Trfeedback) ON infants nursed under a radiant warmer. The main
finding demonstrated that Tneck exhibited a superior level of agreement compared t0 Treedback
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 Tpeck
more often remained within the acceptable limit of +0.5°C of Trc, whereas much larger
underestimations of Trec Were derived from Tteedback Which could in turn increase the risk of

undetected infant hyperthermia in ICU settings.

When the conventionally used Treeback 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 (R?
=0.01). Although substantial variability between measurement methods remained (R? = 0.23), the
mean bias was substantially reduced when Tneck Was measured with 82.1% measurements falling
within £0.5°C of Tec 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 Theck 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
Treck 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 Ty, the neck site is also a practical alternative to Treedback 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 Treck 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, @ 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 (Trc), 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
~37°C 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 25009) 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 36.5°C [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
(Tteedback). 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 T+feedback, and
a poor agreement between Treedvack 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
Treedback 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 (Thack) 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., Tpack (When an infant is supine) or Tcnest (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 Toack (When supine) and Tchest (When prone) compared to Tteedback.
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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 (m?) 0.16 0.03
Mean skinfold thickness (mm) 1.43 0.07

*Formula to calculate body surface area (m?): weight[kg]®*® x height[cm]°7? 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 (Tfeedoack) Mmidway 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
('YS1400 series thermistors) over the left side of the body at eight standardized anatomical sites
(Figure 1): forehead (Ttorenead), abdomen (Tabdomen), Chest (Tehest), back (Toack), thigh (Tnign), foot
(Ttoot) and upper arm (Tam) (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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Supine Prone

Figure 1. Schematic diagram illustrating the skin sensor placements on the infant. A. Supine:
1 — Trorenead (centre of forehead); 2 - Tchest (Centre of sternum); 3 — Tandomen (Upper abdomen); 4
- Tarm — (upper anterior arm); 5 — Treednack (Mid-axillary line at the lateral aspect of trunk); 6 —
Twigh (anterior thigh); 7. Tfoot - (dorsum of foot). B. Prone: 8 — Thack (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+£1.0°C 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. Toack ; Trec VS. Tchest ; and Trec VS. Treedback 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 Thack(contact) 3Nd Treedback 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 Thack(contact) 8N Tteedback 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 Tpack(contacty @Nd Tteedback 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 95% LOA Points within
(°cs.d) (°C) +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 -1.20to +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 -6.13t0 +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 -0.35to +0.56 96.3%
Back -0.29+0.44 -1.16 to +0.58 63.0%
Mid-axillary (feedback) -0.57 £ 0.35 -1.25t0 +0.11 40.7%
Mean Tsk -0.65+0.28 -1.20to +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 Toack(contact) aNd Trec.

In contrast, the inter-individual variability in the difference between Treedback and Trec

associated significantly (P < 0.05) with body mass, mean skin fold thickness and absolute

Treedback, together explaining 22.6% of the total variance observed.
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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 (Tsackcontacy) @nd 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 Thack(contact), T feedback With absolute Trec in the supine position.
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Prone position

The mean bias, when comparing Tchest(contact) aNd Tteedback 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(contacty aNd Treednack 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(contacty 8N0 Tteedback 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.
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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 (Tr) vs the difference between rectal temperature
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Temporal temperature responses

Individual participant examples of the temporal Thack(contacty 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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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 (Tteedback). Our findings
demonstrated that Thack provided a superior estimation of core temperature compared with Treedback
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 (Thack 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
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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 Tpack 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 Tcnest When the infants were in the prone
position with the chest instead in contact with the mattress. In contrast, the mean difference of
Tteedback (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 Treedoack 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 with the canopy in a propped-down position

Stroller Closed Control (standard practice control intervention)

Battery-operated clip-on fan attached to the centre of the bumper bar
Fan Only (~60cm away from the likely position of the infant), directing wind
inwards to the stroller carriage

Muslin (100% cotton) covering draped over propped-down canopy

Muslin Only covering the front of stroller — secured to stroller with clothes pegs

Dry flannelette (100% polyester) covering draped over the propped-

Flannelette Only down canopy covering the front of stroller — secured to stroller with pegs

As per Muslin Only, with a clip-on fan attached to the centre of bumper

Muslin + Fan . .
bar beneath muslin covering

As per Flannelette Only, with the clip-on fan attached to the centre of

+ .
Flannelette + Fan bumper bar beneath flannelette covering

As per Muslin Only, with the muslin cloth thoroughly soaked in tap

Muslin + Moist water and wrung (non-dripping) prior to draping

As per Muslin + Moist, with clip-on fan attached to the centre of bumper

in+ + i . . .
Muslin + Fan + Moist 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 14 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 (Tgione), Wet bulb globe
temperature (WBGT) and air velocity. WBGT was calculated using the following equation:
WBGT =0.7Twp + 0.2Tgiobe + 0.1 Tqp. 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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I il
A. Closed Stroller (Control) B. Fan Only

D. Flannelette Only E. Muslin + Fan F. Flannelette + Fan
G. Muslin + Moist H. Muslin + Fan + Moist
Same as Muslin Only (C) but with muslin cloth saturated with water Same as Muslin + Fan (E) but with muslin cloth saturated with water

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 (x0.1g, 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™, 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.

Outside In-stroller Outside In-stroller Outside In-stroller Outside In-stroller Outside In-stroller
. . . . absolute absolute Relative Relative Black Black
Stroller configuration Air Temp  Air Temp humidi humidi idi di lob lob WBGT WBGT
°C) C) umidity umidity Humidity Humidity Globe Globe C) C)
(mmHg) (mmHg) (%) (%) (C) (°C)
Closed-Stroller (Control) 34.0+43 375+47 135+52 164+5.0 34.7+14.4 34.6+11.8 441+47 404+42 276%34 28.3+34
Fan Only 338+46 37.2+48 136+53 16556 35.1+14.9 35.0+12.3 444+51 388+46 27.6%3.6 27.7+3.6
Muslin Only 33.1+42 392+45" 139+52 17.1+56 37.5+15.7 32.3+10.7 435+59 423+54 27.3%+3.6 28.9+ 3.6
Flannelette Only 328+44 40.0+48" 138+52 18.2+6.1 38.0+16.2 32.7+10.7 435+52 427+47 27.2+36 29.3+35
Muslin + Fan 329+31 379+33 140+50 16.4+50 37.7+14.2 33.0+97 432+39 397+37 273+31 28.7+3.3
Flannelette + Fan 33.6+40 395+42F 135+51 16.2+50 35.6 +15.2 30.6 +10.9 441+43 407+41 274+30 29.3+ 3.0
Muslin + Moist 33.1+41 336+51"° 142+48 197+547 38.0+144 505+113" 43.6+50 366+4.7° 275+34 27.7+3.4

Muslin + Fan + Moist 335+36 323+4.2" 137+51 199+47" 36.0+146 550+1147 43.8+41 332+39° 27.4+30 26.7+3.2"

A In-stroller vs outside environmental conditions

A Air Temp (°C) A Absolute Humidity A Relative Humidity (%) A Black Globe (°C) A WBGT (°C)
(mmHg)

Closed-Stroller (Control)  +3.5 +2.9 -0.1 -3.7 +0.7
Fan Only +3.4 +2.9 -0.1 -5.6 +0.1
Muslin Only +6.1 +3.2 -5.2 -1.2 +1.6
Flannelette Only +7.2 +4.4 -5.3 -0.8 +2.1
Muslin + Fan +5.0 +2.4 -4.7 -3.5 +1.4
Flannelette + Fan +5.9 +2.7 -5.0 -3.4 +1.9
Muslin + Moist +0.5 +5.6 +12.5 -7.0 +0.2
Muslin + Fan + Moist -1.2 +6.3 +19.0 -10.6 -0.7

* 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 AT, 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.

Musl_in + Muslin + Moist P
Moist + Fan
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) 82+18 9.3x£25 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
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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

B)

C)

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 (Treedback) @S @ surrogate measure of an invasive core (rectal) temperature
(Tree) in infants nursed under a radiant warmer (Chapter 3).

comparing the suitability and level of agreement of potential skin contact temperature
sites — specifically the lower back region (Thack) 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 (Tteedback) @S @ surrogate measure of core temperature measured rectally (Trec) in
infants nursed under a radiant warmer (Chapter 5).

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 @S @ non-invasive estimate of core temperature compared with the
traditional Treedback Site over the mid-axillary line along the side of the thorax. However, there
remained a tendency for Treck to Yyield 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 Treedback, &S 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 Treednack €xhibited an inferior level of agreement when
compared to Tneck and the contact skin sites (Tpack and Tehest). Importantly, Toack and Tehest - When
in contact with the mattress - provided an even better estimation of core temperature compared
with Theck. 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
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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 Tteedback Site.
In Chapter 3, skin temperature over the carotid artery was shown to provide a better estimate of
rectal temperature compared with Tredback, 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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Public Engagement with The Conversation

Published on February 20, 2023

URL.: https://theconversation.com/covering-your-babys-pram-with-a-dry-cloth-can-increase-the-
temperature-by-almost-4-degrees-heres-what-to-do-instead-199099

Covering your baby's pram with a dry cloth can increase the temperature by almost 4 degrees. Here's what to do instead

THE CONVERSATION

Academic rigour, joumalistic flair

Shutterstock

Covering your baby’s pram with a dry cloth can increase the
temperature by almost 4 degrees. Here’s what to do instead

Published: February 20, 2023 12.52pm AEDT

James Smallcombe

Post-d al R h i University of Sydney

Mohammad Fauzan Bin Maideen

Lecturer in Paediatric Physiotherapy, University of Sydney

Ollie Jay

Professor of Heat & Health; Director of Heat & Health Research Incubator; Director of Thermal Ergonomics Laboratory, University of Sydney

We like to think of babies as tiny versions of ourselves. But babies aren’t simply miniature adults,
especially when it comes to coping in the heat. Babies are at greater risk of overheating and need

different cooling strategies to those that work for adults.

Parents have long covered prams and strollers with cloth to shade the carriage from the hot sun.

However, our recent study showed this can substantially increase temperatures inside the stroller.

After just 20 minutes — the time it takes to go to the shop or drop your child off at daycare — the
stroller carriage was 3.7°C hotter than outside when draped with a dry flannelette cloth and 2.6°C

when draped with dry muslin.

https:/theconversation.com/covering-your-babys-pram-with-a-dry-cloth-can-increase-the-temperature-by-almost-4-degrees-heres-what-to-do-inst... ~ 1/4



Covering your baby's pram with a dry cloth can increase the temperature by almost 4 degrees. Here's what to do instead

Attaching a battery-operated fan to the stroller wasn't very effective either at reducing the stroller

temperature, cooling the carriage by just 0.1°C relative to outside.

But dampening the cloth can reduce the temperature in the carriage.

Read more: Top 10 tips to keep cool this summer while protecting your health and

your budget

‘Why are babies vulnerable in the heat?

There are three main reasons why babies might struggle more in hot weather compared to adults.

First, their body shape is very different. Infants have a much greater area of skin surface available to
exchange heat with the surrounding environment, compared to their body mass. This means in very

hot conditions their body temperature can warm up at a much faster rate.

ik it —
Babies can't regulate their own temperature. Shutterstock
Second, infants can’t sweat as much as mum or dad and are therefore less able to cool down by sweat
evaporation. This is the main physiological disadvantage that places them at greater risk in hot

weather.

Finally — and possibly most importantly — babies are almost entirely dependent on someone else to
keep them cool. Other than crying, babies can’t communicate that they are too hot. On a hot day, it is
the parents who have to check for signs of distress, choose suitable clothing, and make sure shade is
found during the hottest part of the day (normally noon to 3pm). Babies can’t do any of this for

themselves.

Read more: Curious Kids: What happens in the body when we sweat?

So, what can be done to keep baby strollers cool?

https:/theconversation.com/covering-your-babys-pram-with-a-dry-cloth-can-increase-the-temperature-by-almost-4-degrees-heres-what-to-do-inst... ~ 2/4
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Covering your baby's pram with a dry cloth can increase the temperature by almost 4 degrees. Here's what to do instead

In our same study, we also showed some strategies are really effective at cooling strollers down even

on hot and sunny days.

Loosely draping a damp muslin cloth over the stroller reduced the temperature inside the stroller by

3°C.

This cooling effect was even greater when a damp cloth was combined with a clip-on fan, reducing the

stroller temperature by 4.7°C compared with outside.

This method harnesses the power of evaporation. Just like we lose body heat when sweat evaporates
from our skin, the evaporation of water from the damp cloth removes heat from the air inside the

stroller and lowers the temperature inside.

Using a spray bottle to regularly top-up the water in the cloth every 15-20 minutes will prevent it

drying out and increase the amount of time this method will provide cool relief.

Optimal Low-Cost Cooling Strategies for Infant Strollers during Hot Weather

Take Home
Message

» xx0"y I v @veL B sty =

Author provided
How else can I protect my baby from the heat?

Minimise the time spent outside with your infant during hot weather — get from A to B as quickly as

possible.

Babies should never be left in a stationary stroller in the sun (even if covered with a damp cloth) as

this reduces air movement through the stroller and increases the speed at which it heats up.

Any time infants or children are exposed to the heat, it’s important to keep them well hydrated.
Drinking water or breastfeeds should be offered frequently. Infants will need more fluids during hot

weather.

https:/itheconversation.com/covering-your-babys-pram-with-a-dry-cloth-can-increase-the-temperature-by-almost-4-degrees-heres-what-to-do-inst...
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Covering your baby's pram with a dry cloth can increase the temperature by almost 4 degrees. Here's what to do instead

Make sure babies are well hydrated when it's hot. Shutterstock

It’s also important to regularly check infants for signs of heat illness. The most common are:

e being overly warm to touch

hot, red and dry skin

« irritability

» looking generally unwell and/or lethargic.

If your baby is showing signs of heat illness, find cool relief immediately and seek medical help.

Read more: Evacuating with a baby? Here's what to put in your emergency kit

https:/theconversation.com/covering-your-babys-pram-with-a-dry-cloth-can-increase-the-temperature-by-almost-4-degrees-heres-what-to-do-inst... ~ 4/4
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Media Coverage related to the Experimental Study Three

1. https://www.news.com.au/lifestyle/parenting/babies/common-and-deadly-pram-mistake-
aussies-are-making/news-story/9dae15aldf41edf6e08da0588e23baf0

Common and deadly pram mistake Aussies are
making

A world-first Australian study has looked at the impact of covering a pram on a hot Australian day. The results may
surprise you.

Carla Mascarenhas
© 2minread February 21,2023-6:22PM {7 news [ 4 comments

2. https://www.abc.net.au/news/2023-02-21/pram-safety-research-finds-dangers-of-
coverings/101972028

NEWS

ust In Watch Live Voice Referendum Politics World Business Analysis Sport Science Health Arts Fact Check Corona

Heat researchers call for Australia's pram safety
guidelines to be updated after world-first study

By national education and parenting reporter Conor Duffy

Posted Tue 21 Feb 2023 at 5:43am
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3. https://www.9news.com.au/national/pram-safety-calls-for-australia-to-update-guidelines-
after-world-first-study/2aaa4e03-e85e-456a-aff6-5a2c4e43edbf
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News / National

Parents shouldn't cover prams with dry cloth on
hot days, study finds

@ By Lucy Slade | 12:37pm Feb 21, 2023

Parents shouldn't cover prams, study finds

4. https://au.sports.yahoo.com/covering-babys-pram-dry-cloth-
015255075.html?guccounter=1&guce_referrer=aHROCHM6LYy93d3cuZ29vZ2xILmNvbS8&g
uce_referrer_sig=AQAAAIO80cct826hbKdAWr644cDrl6hguogEJaxY7Rjv-p-
INZBpV1IxIVtRpXctbXhOWHQACGZ5c49Ega9Z0zCAkqv-
cu_jSFn6EI3zlyspjJDQY pINskoPVWIFRXGMP8GTOIN3irwUOTgiKI99pz-
zm8_dVp4hsOFWXRtoQY3D9x3k
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Electric fan use for cooling during hot weather: a biophysical

modelling study

Nathan B Morris, GeorgiaK Chaseling, Timothy English, Fabian Gruss, Mohammad Fauzan Bin Maideen, Anthony Capon, Ollie Jay

Summary

Background In hot weather, electric fans can potentially provide effective cooling for people, with lower greenhouse
gas emissions and cost than air conditioning. However, international public health organisations regularly discourage
fan use in temperatures higher than 35°C, despite little evidence. We aimed to determine humidity-dependent
temperature thresholds at which electric fans would become detrimental in different age groups.

Methods We used biophysical modelling to determine the upper humidity-dependent temperature thresholds at
which fan use would become detrimental (ie, worsen heat stress) for healthy young adults (aged 18—40 years), healthy
older adults (aged =65 years), and older adults taking anticholinergic medication. We also obtained houtly
environmental data for the period Jan 1, 2007, to Dec 31, 2019, for 108 populous cities to determine the number of
days fan use would be effective for cooling, standardised to a 31-day hot weather month. We established simplified
temperature thresholds for future fan use recommendations on the basis of temperatures below which fan use would
never have been detrimental between Jan 1, 2007, and Dec 31, 2019, across all prevailing levels of ambient humidity.

Findings According to our model, fan use would have been beneficial on 30-0 (96-6%) of 31 hot weather days for
healthy young adults and 29-4 (94-9%) of 31 hot weather days for both older adults and older adults taking
anticholinergic medication between Jan 1, 2007, and Dec 31, 2019. Adherence to the current WHO recommendation
of fan use below temperatures of 35°C only, fan use would have been recommended on 27- 2 days (87 -7%) of 31 hot
weather days. According to our simplified thresholds for fan use {at temperatures <39- 0°C for healthy young adults,
<38-0°C for healthy older adults, and <37-0°C for older adults taking anticholinergic medication), fan use would
have been recommended on 29-6 (95-5%) of 31 hot weather days in healthy young adults, 29-4 (94-8%) days in
healthy older adults, and 28-8 (93-0%) days in older adults taking anticholinergic medication between Jan 1, 2007,

and Dec 31, 2019.

Interpretation Electric fan use, particularly for healthy young adults, would not have worsened heat stress on the
majority of study days between 2007 and 2019. Our newly proposed thresholds for fan use provide simple guidelines

thatimprove future heatwave fan use recommendations.

Funding None.

Copyright © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND

4.0 license.

Introduction

Air conditioning has been found to be the most effective
method for reducing mortality' and morbidity? and
improving thermal comfort during heatwaves. Personal
air conditioning use (eg, mobile and residential) accounts
for 56% of all cooling technology units sold globally.’
However, air conditioning use substantially contributes to
global greenhouse gas emissions and directly contributes
to the urban heat island effect.’ Older air conditioning
units use chlorofluorocarbons as refrigerant gases, which
deplete the ozone layer, whereas newer units use
hydrofluorocarbong, which can be thousands of times
more potent greenhouse gases than carbon dioxide (CO,),
and at present, are the fastest growing greenhouse gases
emitted globally.’ Air conditioning uge ig regponsible for
65% of global hydrofluorocarbon emissions and it is
predicted that the increase in global hydrofluorocarbon
release will result in a 0-25-0-50°C increase in the mean

www.thelancetcom/planetary-health Vol 5 June 2021

surface temperature of Earth.’ At present, air conditioning
use (in combination with refrigeration) accounts for
7-10% of annual CO, emissions due to its high energy
demand.’ In the eastern regions of the USA alone, it is
predicted that increases in greenhouse gas emissions due
to air conditioning use will increase pollution-related
mortality by 5-9% (~13,500 deaths) by 2050, resulting
in an additional US$126 billion in health-care costs.
Globally, air conditioning use is increasing rapidly, largely
driven by improvements in living standards in many low-
income and middle-income countries.® The provision of
cooling golutions in low-income and middle-income
countries has been directly linked to achieving the UN
Sustainable Development Goals, since cooling reinforces
targets agsociated with food security, health, education,
and social inequality, among other goals,’ and therefore
cannot be forgone altogether. However, it i predicted that
700 million new air conditioning units will be in use
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Research in context

Evidence before this study

Air conditioning substantially contributes to greenhouse gas
emissions directly through leakage of refrigerant gases into the
atmosphere and indirectly due to the high electrical demands.
Comparatively, electric fan use requires no refrigerant gases and
requires 30 to 50 times less energy to operate than air
conditioning. Despite these benefits, many public health
organisations discourage electric fan use in ambient
temperatures of around 35°C and higher. We searched PubMed,
the Cochrane Library, and PROSPERO for systematic reviews
from database inception to May 5, 2020, pertaining to
heatwave cooling recommendations. For systematic reviews
olderthan 5 years, we used their stated search terms to identify
novel recent papers. Our search identified two systematic
reviews on cooling interventions during heatwaves and eight
publications on fan use. A 2012 Cochrane review concluded that
there was no evidence in the literature to support or refute the
use of electricfans in a heatwave. Studies done in 2015 and
2016 found that fan use was physiologically beneficial at 42°C
in humid conditions in young adults, but not in older adults
(aged 60-80 years; dueto areduced sweating response),
whereas a 2019 study in young adults demonstrated fanuse to
be effective for reducing physiological heat strain at 40°C

with 50% relative humidity, but accelerated body heating at
47°Cwith 10% relative humidity.

Added value of this study

We developed biophysical models on the basis of fundamental
principles of heat exchange between humans andthe
environment, with physiological parameters defined by
humanthermoregulatory laboratory data, to determine the

worldwide by 20307 thus more sustainable strategies for
cooling people are urgently needed.

Moving air across the skin with devices such as electric
fans offers an individualdevel cooling strategy that
bypasses the issues associated with refrigerant gases
and decreases electricity requirements by 30 times? The
lower electricity requirements and cost help to mitigate
additional negative compounding health factors such as
gocioeconomic inequality, poor access to air conditioning,
and overwhelming power grids (thereby hindering
emergency services) during power outages.® Despite these
advantages, many leading national and international
public health authorities such as the Environmental
Protection Agency,” US Centers for Digease Control and
Prevention," the UK National Health Service,” and WHO"
currently advise that electric fans provide no cooling
Dbenefits or can even accelerate body heating in ambient
temperatures of 35°C and higher, irrespective of relative
humidity levels. However, none of these recommendations
are baged on any experimental data, and a 2012 Cochrane
review" concluded that no evidence exists to support or
refute the effectiveness of fans in a heatwave, highlighting
the need for more research in this area**

196

humidity-dependent temperature thresholds at which fans
would become detrimental. Onthe basis of weather data for
the period Jan 1, 2007, to Dec 31, 2019, we found that contrary
to many public health recommendations, electric fan use
could have been universally recommended for young healthy
adults during peak heatwave conditions in all of the populous
cities in Bangladesh, China, Japan, Philippines, Indonesia,
Canada, eastern regions of the USA, all of South America and
Oceania, and most of Europe (excluding some Mediterranean
cities). Fanuse alone should not have been routinely
recommended during hot weather in northern India, Pakistan,
the Middle East, and the southwestern regions of the USA.

Implications of all the available evidence

Compared with air conditioning, electric fan use is a more
sustainable cooling modality, and more widely accessible in
low-income and middle-income countries. The effectiveness
of fan use is dependent on temperature and relative humidity.
Our findings indicate that for younger adults, fan use during
peak heatwave conditions can be recommended most of the
time in most regions of the world (with the exception of
extremely hot and arid regions). Inthe 12 countries estimated
to havethe greatest potential for growth in air conditioner
use by the end of the 21st century (combined population of
around 4-25 billion individuals), for young healthy adults, fan
use could have been recommended on 30-6 (98.6%) of 31 hot
weather days in the study period. However, for healthy older
adults and particularly those taking anticholinergic
medications that impair sweating, fan use would occasionally
be detrimental and worsen heat stress; therefore alternative
cooling strategies are needed in some regions.

The probable origin of the existing 35°C threshold for
fan use is that once ambient temperature exceeds skin
temperature (around 35°C), fan use will increase the rate
of convective heat gain to the body from the surrounding
environment,® which can markedly increage the rate of
sweat evaporation.® Accordingly, whether fan use is
beneficial for cooling people at ambient temperatures
higher than 35°C is dependent on ambient humidity and
their ability to sweat. In laboratory-based physiological
studies, we found that in young adults without sweating
impairment, fan use provided effective cooling, confirmed
by blunted heat-related rises in core temperature and
heart rate, at temperatures of 40°CY and 42°C* with around
50% relative humidity. However, at temperatures of 47°C
with low relative humidity (around 10%), fan use
accelerated the development of hyperthermia because
sweat readily evaporates in these conditions even without
a fan, but convective heat gain continues.” The benefit of
fan use i reduced, and might even be detrimental, at 42°C
with more than 50% relative humidity in older adults
(aged >65 years), due to roughly 25% reductions in sweat
losses relative to young adults.** Furthermore, the ability
to sweat in individuals taking anticholinergic medication,
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which, for example, are prescribed by general practices to
around 12% of geriatric patients (aged 65-101 years) in
Slovenia,” is reduced by a further 25% when compared
with young adults.”? Collectively, these physiological
studies demonstrated that fan use can be recommended
at higher temperature thresholdg than 35°C for some
populations; however, humidity levels are crucial for
determining fan use temperature thresholds, and fan use
recommendations must be altered for people with
physiologically or pharmacologically impaired sweating.

To recommend fan uge more widely would be clearly
enticing, considering the environmental benefits, and to
increage the adaptive capacity of individuals who cannot
afford or gain access to air conditioning. However,
accurate, evidence-based guidelines are needed to ensure
fan use is not recommended in conditions that would
accelerate heat stress.” Biophysical modelling can be
used to develop humidity-dependent temperature
thresholds for beneficial fan use, whereby changes in dry
and evaporative heat transfer with different levels of
sweating can be calculated and the combinations of
ambient temperature and humidity at which fan use
accelerates net heat transfer toward, as opposed to away
from, the body can be determined.

We developed three biophysical models to determine
the environmental conditionsg in which fan use would
become detrimental for different age groups. Additionally,
we contextualised these environmental thresholds to real-
world conditions for 108 of the most populous cities in
the world with a particular focus on 59 cities from the
12 countries identified to have the greatest potential for
growth in air conditioning use by the end of the
21st century.®

Methods

Biophysical models

We used biophysical models to generate three upper
environmental condition thresholds (all combinationg of
temperature and relative humidity), above which whole-
body fan use would become detrimental (ie, worsen heat
stresg) for healthy young adults (aged 18-40 years),
healthy older adults (aged =65 years), and older adults
taking anticholinergic medication. These age groups
were selected because the ability to sweat is reduced by
25% in older adults compared with young healthy adults,”
and is decreased by a further 25% in individuals on
anticholinergic medication.” The three threshold curves
were built using standard, well-validated, partitional
calorimetry equations frequently used in military, thermal
comfort, and athletic applications,”® which calculate the
net heat transfer between a person and their environment
via all available physical pathways (ie, conduction,
convection, radiation, and evaporation). Accordingly, the
net heat transfer of a person, lightly clothed and seated at
rest (or lying on a bed for the night-time analysis), either
in front of a standard pedestal fan (air speed 3-5 m per
gec) or without a fan (air speed 0-2 m per sec) were

www.thelancetcom/planetary-health Vol 5 June 2021

compared across a range of temperature and relative
humidity condition combinations. The temperatures and
corresponding relative humidity values at which net heat
losg from the body to the surrounding environment was
greater without fan use than with a fan were defined as
the upper environmental threshold for electric fan use.
Subsequently, using these environmental threshold
values, we defined a humidity-dependent fourth order
polynomial model using GraphPad Prism (version 8.0) to
create threshold curves for young healthy adults, older
adults, and older adults on anticholinergic medication
for both day and night applications. Full details of all
equations and assumptions used to produce the models
are in the appendix (pp 3-10).

Global weather analysis

To contextualise the conditions in which fan use would
beneficial or detrimental, we obtained hourly environ-
mental data from the airport weather stations of 108 global
cities for the period Jan 1, 2007, to Dec 31, 2019. A complete
list of cities with individualised and regional results are
incduded in the appendix (pp 16-47). We selected the
five cities with the largest populations in specific countries
and on the basis of geographical locations across all
six habitable continents (North America, Europe, Asia,
South America, Oceania, and Aftica) to represent a wide
range of hot weather conditions. We algo selected 59 of the
108 cities to focus on the most populous cities in each of
the 12 countries that have previously been estimated to
have the greatest potential for growth in air conditioning
use by the end of the 21st century: India, China, Indonesia,
Nigeria, Pakistan, Bangladesh, Brazil, Philippines, the
USA, Vietnam, Thailand, and Mexico® We selected
the time period of Jan 1, 2007, to Dec 31, 2019, because
this included eight of the ten warmest years on
record globally.” We purchased all climatic data from
CustomWeather. For countries geographically located
north of the Tropic of Cancer (23-44° North) or south of
the Tropic of Capricorn (23-44° South), we only analysed
weather data for the five warmest months of the year
(May to September in the northern hemisphere;
November to March in the southern hemisphere). For
countries located within the tropics, we analysed weather
data for the whole year. We also separated and analysed
data for daytime hours (sunrise to sunset) and night-time
hours (2100h to 0600h) separately.

The outcomes of interest were: peak weather conditions
(highest hourly temperature and concomitant relative
humidity value), 95th percentile weather conditions, and
the number of days and nights exceeding the fan use
thresholds defined by each model (ie, the number of days
or nights that fan use would worsen heat stress for young
healthy adults, older adults, and older adults taking
anticholinergic medication). Additionally, since regular
fluid replacement does not occur at night during sleep
and public health organisations have previously warned
against the use of fans at night because of concerns
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See Online for appendix

Formore on CustomWeather
see https://customweather.com

€370



Articles

%;aghdado
Q-Phoenix @

| Khartou
Melboyrne
b6 g

44+ 90O O
A(he%

© oo ‘o0 0

50

IS
%

Peak

124 o Riode Janeiro
2 8

40— ) o 00 O O (o] 0,

384 © 00 o Brisbane §0% o

Relative humidity (%)

I o]
% ° © o o © o 0 o
S 364 o e © ° o e ©
= Johannesburg Loﬁion ° ° °o o
& 344 Q ©
£ o} Bandung
& 324 ©-Puebla L]
30
28+ Healthyyoungadults
Healthy older adults Bogota
o p— Olderadultstaking anticholinergic medication o4
24 T T T T T T T T T T T T 1
10 15 20 25 30 35 40 45 5o 55 60 65 70
B
50
48 95thpercentile
O-Kuwait
46 o
44
o ;
42 - ix
40 Khartoum:
—~ — ©
o 32 . @ . Perth
E 361 B-Madrid  © ® - 008
£ 344 © ) o0 o‘-‘g@ o o ©
@ [¢2] o0 O P 90 O ©
CEL 329 ® R\odejar?e\rop e e 9 @
& e} 8 o o0 [} o (x)g
=309 Johannesburg Q%O ® s -9, o
28+ obgo s} ©-Edmonton Brisbane
Ulan Bator
2 ©o London-o © © %
24|
dl Bogota
20 -1
18 T T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 5 60 65 70 75 80 85

Figure 1: Daytime humidity-dependent temperature threshold curves with peak and 95th percentile hot

weather conditions recorded in 108 cities (Jan 1, 2007, to Dec 31, 2019)

(A) Highest single 1 h daytime ambient temperature with parallel relative humidity. (B) 95th percentile daytime
hot weather conditions. Daytime humidity-dependent temperature threshold curves show the temperatures
above which electric fan use becomes detrimental (ie, worsens heat stress). Yellow shading represents conditions
in which fan use would worsen heat stress for older adults taking anticholinergic medication only. Green shading

represents conditions in which fan use would worsen heat stress for older adults and older adults taking

anticholinergic medication, but not healthy young adults. Red shading represents conditions in which fan use

would worsen heat stress for all age groups.

about excessive dehydration from accelerated sweat
evaporation,” in the night-time analysis, we estimated
sweat losses with fan use, on the basis of the amount of
sweat loss required to maintain heat balance. No sweat
nights were defined as nights when fan usge would
eliminate the need to sweat, high sweat nights were
defined as nights when sweat rates would exceed 180 mL
per h (ie, the sweat rate required to induce more than
2% of total body-mass dehydration for a person weighing
70 kg without fluid replacement over 8 h), and low sweat
nights were defined as nights that fell between the

e371
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two previous zones (appendix pp 37-47). To account for
differences in analysed days between geographical areas,
days exceeding the fan use thresholds (daytime or
night-time) or days exceeding night-time sweating
thresholds were expressed as days per hot-month, with a
maximumvalue of 31 days (ie, a 31-dayhotweathermonth).
The effectiveness of fan use on days that temperatures
were 35-5°C or higher (higher than the current WHO-
recommended threshold of 35°C for fan use) and
proposed simplified temperature thresholds baged on the
present model were analysed separately, to characterise
how many days fan use would have been been
unnecessarily discouraged by WHO recommendations.

Role of the funding source
There was no funding source for this study.

Results
The complete equations for the fourth order polynomial
models for the humidity-dependent temperature

thresholds for safe fan use and a full summary of the data
for all citieg analysed, stratified by continent and peak air
conditioning use countries, are included in the appendix
(pp 9, 11, 15-47). Peak and 95th percentile daytime weather
conditions for all 108 cities were plotted alonggide each
threshold curve (figure 1). Mean peak temperature
was 40-0°C (SD 4-2) with 27% relative humidity (SD 1)
and mean 95th percentile daytime temperature
was 33-0°C (4-4) with 449 relative humidity (19). During
peak conditions, fan use would have been beneficial (ie,
provided a cooling effect) in 75 (69-49%) of 108 cities for
young healthy adults, 60 (56%) for healthy older adults,
and 44 (40-7%) for older adults taking anticholinergic
medication. In the 95th percentile conditions, fan use
would have been beneficial in 104 (96%) of 108 cities
for young healthy adults, 99 (91-79) for healthy
older adults, and 98 (90-7%) for older adults taking
anticholinergic medication. Ofthe 59 citie (in 12 countries)
with the greatest potential for growth in air conditioning
use by the end of the century, during peak conditions, fan
use would have been beneficial in 40 (67-8%) cities for
young healthy adults, 30 (50- 8%) for healthy older adults,
and 19 (32-29%) for older adults taking anticholinergic
medication; for the 95th percentile conditions, fan use
would have been beneficial in 58 (98- 3%) cities for young
healthy adults, 54 (91-5%) for healthy older adults, and
53 (89-8%) for older adults taking anticholinergic
medication. The lowest temperature below which fan use
would never have been detrimental across all levels of
relative humidity, for each city and by continents is in the
appendix (pp 15-33). Globally, the temperatures below
which fan use would always be beneficial irrespective of
humidity levels present were 39-0°C for young healthy
adults, 38-0°C for heathy older adults, and 37-0°C for older
adults taking anticholinergic medication.

The number of days, expressed as a 31-day monthly
average, falling Dbelow each humidity-dependent
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Global North America  Europe Asia South America  Oceania Africa 12-AC
Days per 31-day hot weather month fan use would have a cooling effect according to fourth order polynomial model, n (%)
Healthy young 30:0(96:6%) 305(985%)  31.0(100:0%) 290(936%) 310(100-0%) 30.9(996%) 307(989%) 306 (08:6%)
adults
Heathy olderadults  29-4 (94-9%)  30-0 (96-6%) 30:9(99-8%) 282(911%) 31.0(100-0%) 30-6(987%) 299 (96:5%) 30-1(97-0%)
Older adultstaking  29-4 (94-9%) 297 (957%) 30-9(997%) 284(917%) 31.0(100-0%)  30-4(98-2%) 295(953%) 297 (959%)
anticholinergic
medication
Days per 31-day hot weather month fan use would have a cooling effect according to WHO recommendations, n (%)
Overall 27.2(877%) 277 (894) 302(97-4%) 253 (815%) 30-9(996%)  202(941%) 268(86:5%)  27.0 (87.1%)
Days per per 31-day hot weather month fan use would have a cooling effect according to novel simplified thresholds, n (%)
Healthy young 29-6(955%) 29-8(96:0%)  30-9(99-8%) 287(927%) 31.0(100-0%) 30-6(986%) 298(96:0%) 299 (96-6%)
adults
Heathyolderadults 294 (94-8%) 20-4(94-9%)  30:9(99-6%) 285(91-8%) 31.0(100-0%) 303(97-9%) 295(951%) 296 (95:5%)
Older adultstaking ~ 28-8(93-0%) 289 (93-1%) 30-8(99-2%) 277(893%) 310 (100.0%)  30-0(96-9%) 288 (92:9%) 289(933%)

anticholinergic
medication

Additional days per 31-day hot weather month fan use can be reccomended according to our simplified thresholds compared with WHO threshold, n

(% improvement)

Healthy young 2.4 (7-8%) 2.1 (6:6%) 07 (2-4%) 3-4 (11:2%) 0-1(0-4%) 1.4 (4:5%) 30 (9:5%) 2:9(9:5%)
adults

Heathy olderadults 2.2 (7-1%) 17 (5:5%) 0.7 (2:2%) 32(103%)  0-1(0-4%) 11(3-8%) 2.7 (8:6%) 2.6 (84%)
Older adultstaking 1.6 (53%) 1.2 (3-7%) 06 (1-8%) 2.4 (7-8%) 0-1(0-4%) 0.8 (2:8%) 2.0 (6-4%) 1.9 (6:2%)
anticholinergic

medication

The mean number of days onwhich fan use would have been beneficial was standardised to a monthly average of 31 daysto account fordifferences in number of days
analysed due to geographical location. SDs are shown inthe appendix (pp 15-36). 12-AC=12 countrieswith the greatest potential for growth in airconditioning use by the

end of the century.®

Table 1: Mean number of hot weather days per month fan use would have been beneficial by geographical location

temperature threshold for fan use, globally, by continent,
and for the 12 peak air conditioning use countries are
reported in table 1. Globally, according to our model, fan
use would have been beneficial on 30 (96-6%) of 31 hot
weather days between Jan 1, 2007, and Dec 31, 2019,
for young healthy adults and 29-4 (94-8%) hot weather
days for healthy older adults and older adults taking
anticholinergic medication, whereas of the 12 countries
with the greatest potential for growth in air conditioning
use by the end of the 21st century, fan use would have
been beneficial for 30-6 (98-6%) hot weather days for
young healthy adults, 30-1 (97-09%) hot weather days for
healthy older adults, and 29-7 (87-19%) hot weather days
for older adults taking anticholinergic medication. These
values contrast with the previous WHO recommen-
dations, which would have recommended fan use on
27-2 (87-7%) of 31 hot weather days between Jan 1, 2007,
and Dec 31, 2019, for all three groups. If the proposed
simplified thresholds for fan use (ie, 39-0°C for young
healthy adults, 38:0°C for healthy older adults, and
37-0°C for older adults taking anticholinergic medication)
had been adopted between Jan 1, 2007, and Dec 31, 2019,
fan use would have been recommended on 29-6 (95-5%)
of 31 hot weather days for young healthy adults,
29-4 (94-8%) hot weather days for healthy older adults,
and 28-8 (93-0%) hot weather days for older adults taking
anticholinergic medication. A historical daytime analysis
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for younger and older adults is summarised in a global
map (figure 2).

During the night, the mean peak temperature was
34.1°C (SD 4-1) with 41% (SD 21 relative humidity and
the mean 95th percentile night-time temperature was
27-4°C (4-0) with 64% (22) relative humidity (figure 3).
During peak conditions, fan use would have a cooling
effect in 97 (89 -8%) of 108 cities for young healthy adults,
93 (86-19) cities for healthy older adults, and 87 (80- 6%)
cities for older adults taking anticholinergic medication
(figure 3A). In the 95th percentile conditions, fan use
would have a cooling effects in all 108 (100%) cities for all
three age groups (figure 3B). Of the 59 cities (across
12 countries) with the greatest potential for growth in air
conditioning use by the end of the 21st century, during
peak conditions, fan use would have a cooling effect in
48 (81-49%) cities for young healthy adults, 44 (74- 696) for
healthy older adults, and 38 (64-4%) for older adults
taking anticholinergic medication; for the 95th percentile
conditions, fan use would have had a cooling effect in all
59 (100%) cities for all three analysis groups.

The number of nights, expressed as a monthly average,
exceeding each humidity-dependent temperature thres-
hold for fan use, globally, by continent, and for the
12 countries with the greatest potential for growth in air
conditioning use by the end of the 21st century are shown
in table 2. Globally, standardised to a 31-day hot weather
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Younger adults

I Fans beneficial all of the time

(aged <65 years)~ ‘- Older adults Fans beneficial =95% of hot weather days; detrimental on <5% of hotweather days
(aged 265 years) [ Fans beneficial on <95% of hot weather days; detrimental on >5% of hot weather days
Figure 2: Fan use ati ding to proposed biophysically delled humidity-depend hreshold curves for healthy younger and healthy older adults based on
the peak and 95th il | diti ded t Jan1,2007, and Dec 31,2019

Countries highlighted in green represent those identified as the 12 countries with the greatest potential for growth in air conditioning use by the end of the 21st century.” A list of cities corresponding
tothe numbers in the figure is included in the appendix (pp 15-36).
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month, fan use would have been beneficial on 30-9
(99-8%) nights for healthy young adults, 30-9 (99-5%)
nights for healthy older adults, and 30-7 (99-1%) nights
for older adults taking anticholinergic medication.
Collectively, fan use would have elicited either no
sweating or a swealing rate lower than the sweat rate
threshold for dehydration on 0-7 (2-3%) nights.
Specifically, for the 12 countries with the greatest
potential for air conditioning use by the end of the
21st century, fan use would have been beneficial
for 31-0 (99-9%) nights for healthy young adults,
30-9 (99-8%) nights for healthy older adults, and
30-9 (99-5%) nights for older adults taking anticholinergic
medication. For the 59 cities analysed in these countries,
fan use would have elicited either no sweating or a
sweating rate lower than the sweat rate threshold for
dehydration on 0-4 (1-4%) nights (appendix pp 37—47).

Discussion

In this study, we used biophysical modelling to generate
humidity-dependent temperature curves describing the
conditions at which electric fans become detrimental (ie,
worsen heat stress) for young healthy adults, healthy older
adults, and older adults taking anticholinergic medication.
These thresholds were compared with hourly hot weather

200

data for 108 populous cities between Jan 1, 2007, and
Dec 31, 2019 (appendix pp 15-47). Based on our analysis,
fan use during the day would have been beneficial
(ie, higher net heat loss from the body to the surrounding
environment than with no fan use) on every day of the
analysis period in 69% of the 108 cities for young adults,
56% of the cities for healthy older adults, and 41% of the
cities for older adults taking anticholinergic medication
analysed during the day, and beneficial during the night in
90% of 108 cities for young adults, 86% of the cities for
healthy older adults, and 81% of the cities for older adults
taking anticholinergic medication. Our findings broadly
illustrate how the effectiveness of fan use varies depending
on the prevailing weather conditions in each geographical
area and the thermoregulatory capacity of the individual;
however, there are many locations on Earth where fan use
could be safely recommended as an alternative to air
conditioning all of the time despite air temperature
exceeding the currently recommended threshold of 35°C.
For many additional locations, climatic conditions wherein
fan use would have been detrimental were exceptions to
the general pattern and could be a recommended
alternative for the majority of time, with the exception of
the warmest 1-2 h of the day during the warmest 1-3 days
recorded during the 13-year time period assessed.

Il health
ealt!
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At present, air conditioning use is responsible for
65% of global hydrofluorocarbon emissions and, in
combination with refrigeration, 7-10% of global CO,
emissions.’ The greenhouse gas effect of hydrofluoro-
carbons is 1-3 orders of magnitude greater than CO,,
with the change in mean EFarth surface temperature
projected to increase by 0-25-0-5°C by the end of the
21st century due to hydrofluorocarbon emissions alone.?
Projections for air conditioning use only slightly differ
between moderate (representative concentration pathway
4.-5) and high (representative concentration pathway 8- 5)
greenhouse gas emission models, highlighting that
domestic air conditioning use will continue to be a
substantial contributor to greenhouse gas emissions,
regardless of the effectiveness of other methods to reduce
emissions.® Based on 2015 UN world demographic data,”
6-78 billion (92%) of the 7-38 billion global population
were aged younger than 65 years and therefore
represented by the young healthy adults model in this
study. As a crude estimate, if all of these young people
were to switch from air conditioning to fan use for their
cooling needs, when fan use would be beneficial, this
would theoretically yield a 59% reduction in global
hydrofluorocarbon emissions and around a 9% reduction
in global CO, emissions. Although reductions to this
degree are unrealistic, these values are indicative of the
large potential reductions in global greenhouse gas
emissions that could be achieved by transitioning from
cooling air with air conditioning to moving air with
devices such as electric fans.

From our global hot weather analysis, electric fan use
would have provided cooling benefits for 96- 6% of all hot
weather days in the study period analysed for young
adults, and 94-9% of days for healthy older adults and
older adults taking anticholinergic medication. These
findings differ substantially from the current recom-
mendations of most international health authorities and
mainstream  media outlets during peak heatwave
conditions. For example, in 2018, the UK media warned
against the use of fans above temperatures of 35°C.%*
Conversely, our hourly historical weather analysis of
London revealed the peak recorded temperature since 2007
was 35-9°C with 25% relative humidity, under which our
models demonstrate that fan use can be universally
recommended for all individuals. The highest temperature
recorded for the UK reported in Cambridge in 2019 was
38:7°C with 31% relative humidity. According to our
humidity-dependent temperature threshold curves, fan
use would have been beneficial under these conditions for
both young and healthy older adults, but not older adults
taking anticholinergic medication.

According to our historical day-time analysis, fan use
could have been universally recommended to both young
and older adults across large areas of northern Europe,
northeastern regions of the USA, Canada, all of South
America, and much of southeast Asia. In contrast, fan
use could have generally been considered inadvisable in
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Figure 3: Night-time humidity-depend e threshold curves with peak and 95th percentile hot

weather conditions recorded in 108 cities (Jan 1, 2007, to Dec 31,2019)

(A) Highest single 1 h night-time ambient temperature. (B) 95th percentile night-time hotweather conditiors.
White areas denote conditions thatelicit heavy sweating (>2% of bodyweight loss from sweating in 8 h) with fan
use, light blue areas denote conditions that elicit light sweating (<2% of body weight loss in 8 h) with fan use,
anddark blue areas denote conditions that elicit no sweatingwith fan use. Yellow shading represents conditions in
which fan use would worsen heat stress for older adults taki gic medications only. Green shading
represents conditions in which fan use would worsen heat stress for healthy older adults and older adults taking
anticholinergic medications, but not healthy young adults. Red shading represents conditions in which fan use would
worsen heat stress for all age groups.

anticholi

exceptionally arid areas such as the Middle East and
southwestern regions of the USA, and on the hottest
heatwave days in very humid (ie, not just humid but very
humid) regions such as northern India and Pakistan.
Geographical areas of particular interest are the
12 countries identified as having the greatest potential
for growth in air conditioning use by the end of the
21st century, where it is estimated that residential
electrical consumption will increase by 83% based
on weather conditions, population, and current air
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Global

North America Europe Asia

South America Oceania Africa 12-AC

Nights per month fan use would have had a cooling effect
Healthy youngadults  30-9(99:8%) 31.0(100-0%)

21st century®

310 (100-0%)  30-9(99-6%) 31.0(100-0%)

Healthyolderadults ~ 30-9(99:5%) 30-9(997%)  31.0(100-0%) 30-7(99:1%) 31.0(100-0%) 31.0(100-0%) 30-9(99-8%)  30.9(99-8%)
Olderadultstaking ~ 307(99-1%) 30-8(99-4%)  31.0(100:0%) 30-5(984%) 31.0(100-0%) 31.0(100-0%) 30-8(994%)  30-9(99-5%)
anticholinergic

medication

Nights with fan use

No sweating 27-9(89.9%) 281(907%)  301(972%) 261(84-2%) 30.9(99-6%)  302(97-4%) 287(927%)  27-6(88-9%)
Low sweating 2.4 (7-8%) 2.2 (7:2%) 0.8 (2:5%) 3-8(122%)  0-1(0-4%) 0.8 (2-4%) 1.6 (5.2%) 30 (97%)
High sweating 07 (23%) 0.7(2:2%) 0-1(02%) 11(36%)  0.0(0-0%) 0.0 (0:1%) 0.7(21%) 0.4 (1.4%)

Dataare n (%). The mean numberof nights onwhich fan use would have been beneficial was standardised to a monthly average of 31 daysto account fordifferences in number
of days analysed due to geographical location. High sweating was defined as >2% bodyweight loss from sweating in 8 hand low sweating was defined as <2% bodyweight loss
from sweating in 8 h. SDs are shown in the appendix (pp 37-47). 12-AC=the 12 countries withthe greatest potential for growth in air conditioning use bythe endofthe

31.0 (100:0%)  31:0(100-0%) 31.0 (99.9%)

region, and predicted overnight sweat losses

Table 2: Mean number of hot weather nights per month on which fan use would have had a cooling effect according to our model, by geographical

conditioning use trends, collectively comprising more
than half of the global population (4-25 billion people).®
Most of these countries are tropical and, ag such, heat
stress conditions are predominantly characterised as
hot and humid; the conditions wherein clinical trials
have demonstrated fan use to be effective for cooling
in young healthy adults.” At present, many of these
countries do not have the infrastructure to support the
electricity required to operate the increasing number of
air conditioning units, and therefore are at high risk of
power digruptions that disturb economic output® and
threaten the capacity of health-care systems as a result
of further surges in heat-related mortality and
morbidity.”

One of the most common public health concerns
regarding electric fan use during heatwaves is the
potential acceleration of dehydration. Sweat loss has
been experimentally confirmed to be greater with fan use
at ambient temperatures exceeding 35°C.™# Hydration
requirements seem to be sufficiently met by allowing
people to drink to prevent thirst in young healthy adults;?
however, this finding has not yet been confirmed during
extended heatwave conditions in older adults or in those
taking medication who might demonstrate blunted thirst.
Additionally, during sleep at night, opportunities for
water ingestion are reduced, and therefore dehydration is
more likely to occur with increased sweat rates.
Supporting this notion, hydration data from European
workers in five different sectors showed that with the
exception of agricultural workers, people often arrived at
work on summer mornings objectively dehydrated
according to urine specific gravity measurements.” From
a hydration-maintenance perspective, fan use at night, as
opposed to during the day, is particularly desirable in
many cases: according to our data, fan use would negate
the need to sweat at all (due to increases in non-
evaporative convective heat loss) on 89-9% of nights,
while keeping sweat losses below 2% of body weight
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across an 8 h period, which is approximately the tolerable
threshold before dehydration-related exacerbations of
physiological strain occur,” on a total of 97-7% of nights
(ie, the sum of no sweating and low sweating nights). For
the remaining 2- 3% of nights, electric fan use would not
be recommended and people would be encouraged to
seek alternative forms of cooling, such as air conditioning.

For people taking anticholinergic medication or living in
locations where fan use was deemed to be detrimental on
some hot weather days, the use of air conditioning would
be necessary, potentially threatening the wellbeing of
people with low income living in these areas. A 2019 study
hag shown that in healthy young adults, self-dousing with
water reduces thermal and cardiovascular strain in both
hot and dry (47°C and 10% relative humidity) conditions
and in hot and humid (40°C and 50% relative humidity)
simulated heatwave conditions, while reducing natural
sweat losses,” providing effective potential alternatives to
fan use during waking hours when air temperatures peak.
Additionally, wearing a watersaturated shirt has been
shown to reduce thermal and cardiovascular strain and
dehydration in healthy older individuals (aged 62-74 years)
in conditions of 42°C with 34% relative humidity,* and
could potentially be beneficial for offsetting dehydration in
extreme night-time temperatures.

Although the threshold curves were constructed using
standard partitional calorimetric calculations™ that have
been used extensively and are well validated, modelled
data should be interpreted with caution in the absence of
accompanying clinical data. The findings from the model
for young healthy adults was consistent with the clinical
data available;” accordingly the recommendation for
young healthy adults to use fans seems to be empirically
supported, since at peak temperatures,there was not a
single day in which air temperature surpassed 40°C in
66 (61%) of the 108 global cities analysed and 34 (58%) of
the 59 cities with the highest air conditioning use. More
clinical studies are required to verify the findings for
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older adults and those on prescription medication
(especially anticholinergics); however, the physiological
parameters (ie, sweat rates) in our models that were
adjusted for these groups were conservative, and as such
are likely to underestimate the efficacy of fan use in these
groups. Additionally, the conditions in our model were
fixed for a person seated at rest with a set clothing
ensemble. Differences in effectiveness of fans will vary
based on clothing and activity level and, therefore, these
findings should not be extrapolated to individuals doing
physical activity. To date, all clinical studies to date have
been done over a short duration in peak temperature
conditions simulated in climate chambers. Verification
of these findings in field-based clinical trials during full
length heatwaves is required.

All weather data in this study were collected from airport
weather stations, and thus differences between inner city
temperatures and indoor temperatures will exist. An
Italian study found that the mean peak temperature of
three different cities was 1- 1°C higher in the city compared
with the airport; however, humidity levels (expressed as
dew point temperature) were 2-7°C higher at the airport
than the city sites.”” Temperature differences will be
airport specific: in a study done in New York, temperatures
reported at John F Kennedy International Airport (which
receives a sea breeze) were around 8°C lower than the
warmest inner-city weather station, whereag at LaGuardia
Airport (which has no sea breeze) temperatures were
under-reported by around 5°C.* Furthermore, indoor
temperatures will vary considerably based on the materials
used to construct buildings. For example, painting
outdoor building surfaces with highly reflective paint can
reduce indoor temperatures by 6°C.* Conversely, two
studies that included indoor air temperature from low-
income housing found that peak indoor temperatures
were lower than peak outdoor temperatures by 1-3°C
during the day, but were higherthan outdoor temperatures
by around 7°C at night.”* The inclusion of new simplified
temperature thresholds for fan use in this study could
help to counteract these issues by informing the public to
use fans below these thresholds according to indoor
thermometers. It is well established that mean global
temperatures,® and specific humidity values to a lesser
degree,” will continue to rise during this century and,
therefore, the effectiveness of fan use is likely to decline.
Future research is therefore needed to establish the
effectiveness of fans in urban, indoor, and firture climatic
scenarios.

In conclusion, the effectiveness of fan use for cooling
young healthy adults is evident, since peak temperatures
between 2007 and 2019, a time period that included eight
of the ten hottest years on record, did not exceed the
upper threshold for effective fan use for even 1 h in
69% of the cities during the day and 90% of the cities at
night. Fan use would have collectively provided effective
cooling for young adults on 97% of all days analysed, and
more than 98% of all nights (while avoiding critical
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dehydration). Although peak temperatures exceeded the
upper threshold for effective fan use for at least 1 day in
599% of the cities for older adults taking medication that
impair sweating, fan use in this population would have
been effective on 95% of hot weather days in the study
period and more than 98% of the nights analysed.
This analysis indicates that fan use can be recom-
mended universally for effective cooling in northern
Europe, northeastern regions of the USA, Canada, all of
South America, and much of southeast Asia. However,
fan use is often detrimental (ie, worsens heat stresg) in
exceptionally arid areas such as the Middle East or the
southwestern regions of the USA, and on the hottest
heatwave days in very humid regions such as northern
India and parts of Pakistan. To enable the practical
implementation of our findings, we propose revised
gimplified temperature thresholds for safe fan use
of 39°C during the day for young adults, 38°C for older
adults, and 37°C for older adults taking anticholinergic
medications that impair sweating. Preferably, indoor
temperatures should be directly measured with a
thermometer to account for thermal differences between
the indoor and outdoor environment. These new
thresholds provide an evidence-based alternative to the
existing 35°C threshold for fan use currently advised for
all age groups by WHO, and substantially increage the
number of days that fans can be recommended as a
cooling device instead of air conditioning across many
global regions.
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1. INTRODUCTION

The pathophysiology of obesity is closely related to genctical,
behavioral and envir | intcractions, which culmi ina
paositive cnergy balance that leads to excessive accumulation of
lipids in adipocytes, gencrating morphological and functional
changes in adiposc tissuc physiology (1, 2]. A marked presence of
immune cclls in adiposc tissuc has a great influcnoe on the coordi-
nation of energy metabolism through the activation of pro-inflam-
matory pathways [1-3]. The chronic state of excess encrgy storage
as well as the constant activation of pro-inflammatory pathways

L e o L

also have functions outside the neural environment and have
pleiotropic effects such as adhesion and migration of cells [4, 5].

ifically, the 1

ec cues perform immunomod-
ulatory functions from adlpose tissue to the neural environment;
the latter can be related to obesity [5-7]. In light of this, studies per-
formed (in vitro, in rodents or humans) have shown that isoforms
of neuronal guidance cues contribute to maintenance of the pro-in-

Icad to a low-gmade infl and sy ic insulin resi

(IR), which overload all body systems and trigger the development
of several conditions such as Type 2 diabetes, cancer, cardiovascu-
lar discascs and cognitive impairments [1-3]. More recent scientific
and technological advances have uncovered other molecules in-
volved in chronic low-grade inflammation and systemic IR. Be-
tween them are netrin, semaphornin and cphrin, known as ncuronal
guidance cucs,

Neuronal guidance cucs, whcn mmally discovered in studics of
cmbryogencsis, were idered as p ponsible for guid-
ing axons to interact with other peurons and organs of other sys-
tems, during the process of neural development [4, 5], In this con-
text, these guidance cues arc localized in the extracellular matrix
and have the capacity to attract or to repel axons in order to reach
the target or avoid inappropriate sites, respectively [4, 5]. However
in the last fow decades, it hasbeen shownthat these molecules
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fl y state of obesity and its rbidities [5-7]. It is expect-
ed that this review Supp the adv nt of future studies relat-
ed to the und ding the plexity of obesity, as well as assist
in the development of new th ic strategies involving neuron-
al guid cues resy

2. NEURONAL GUIDANCE CUES - AN OVERVIEW

Directing the growth of axons (neurite) so that they reach their
intended targets (mothcr neuron or otgm) during neural develop-
ment is an already lished function of the cues.
As the name sugscsts. neumml guidance cues are molecules that
give “cues” to where the neuron’s branches should go until they
reach their target. This action is linked to other cells such as glial
cells, other types of neurons and even cells from other tissues such
as epithelium and muscle, which are also capable of secreting these
proteins [§]. The mtemm between specific igmdsa.nd receptors
triggers molecular signaling pathways that will i in neuron-
al projection, genermng a sm.u:tuml configumation of the nervous
system allowing it to function effectively [8].

Neuronal guidance cues consist of different families of
molecules and each of these families has different subtypes with
neuronal and non-neuronal ﬁmcnons, and specific receptors [S]. In
this section, we will discuss fhe main roles of three molecular fami-
lies, ly ins and ephrins, whilst highlighting
their interactions with pnl\oplwologxcal conditions other than obe-
sity.

iy 1
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2.1. Netrins

Netrins were the very first guidance cues discovered in the
1990s, and its name means ‘one who guides’, precisely because of
its role in directing axonal outgrowth [9, 10]. There are several sub-
types: uncoordinated-6 (UNC-6) [9, 10], netrin-A and netrin-B
found in invertebrates [11], and netrin-1, netrin-2 [12], netrin-3
[13], netrin-4 [14, 15], netrin-G1 and netrin-G2 [16, 17] found in
vertebrates and mammals. In terms of molecular structure, netrins
are similar to laminin, a component of basal membrane of extracel-
lular matrix [12]. Netrins are able to bind to different transmem-
brane receptors, which mediate intracellular responses. The main re-
ceptors are: deleted in colorectal cancer (DCC) [13], neogenin
[13], down syndrome cell adhesion molecule (DSCAM) [18], all of
which belong to the immunoglobulin family; uncoordinated loco-
motion-5 (UNCS) family composed by different subtypes such as
UNCS5A-D found in humans and UNC5H]1-4 found in rodents [19],
and a6p4 and a3B4 integrins [13, 20]. In addition, netrin receptors
react in distinct ways; in the presence of netrin, positive signals
arise, resulting in cell motility or axon outgrowth, and in the
absence of netrin, negative signals result in apoptosis [21, 22].

Currently, netrin-1 is considered as ‘the classical guidance
cue”, and its function seems to be dependent on the type of recep-
tor and its possible combination with another receptor at the time
of binding [23]. For instance, netrin-1 is able to bind to two DCCs,
leading them to a homodimerization and triggers a signaling path-
way which culminates in cell attraction, while binding to UNCSB
associated with DCC might trigger repellent signaling pathways
[21, 23]. According to the diversity of interactions between its re-
ceptors, netrin-1 displays a multitude of functions beyond the guid-
ing of axons, which comprise of cell migration, adhesion, survival,
angiogenesis and interaction with immune cells, not only in the ner-
vous system but in different organs [5, 21].

A number of studies have proven the relationship between
netrin-1 and the body’s inflammatory process [24-27]. In detail,
Madiero ef al. [24] showed that the blockade of netrin-1/UNCS5B re-
duced inflammation in the autoimmune disease of arthritis in mice
models. On the other hand, netrin-1 concentration was related to an
anti-inflammatory response in the study of Sun ez al. [25], the con-
centrations of which was negatively related to interleukin-17
(IL-17) and positively related to interleukin-10 (IL-10), suggesting
that Jower netrin-1 expression might be related to increased neuro-
toxic amyloid beta (AB) peptides in rats with Alzheimer disease. In
accordance with anti-inflammatory effects, Bruikman et al. [26]
concluded that plasma netrin-1 could be associated with atheroscle-
rosis initiation processes in humans, the concentrations of which
were negatively correlated with arterial wall inflammation. Accord-
ing to Lin ef al. [27], the anti-inflammatory function of netrin-1 is
exhibited in its capacity to suppress Toll-like receptor-4 (TLR-4)
and prevent nuclear factor kappa B (NFKB) activation in endothe-
lial cells. Thus, netrin-1 seems to have a pleiotropic immunological
function, sometimes potentiating and sometimes minimizing in-
flammatory effects, depending on the condition of the microenvi-
ronment and the type of tissue.

2.2. Semaphorin

Like netrins, semaphorins are a family of proteins which were
discovered in the 1990s, when they were identified with neuronal
guidance cue characteristics [5, 28, 29]. Initially, these proteins re-
ceived different names and classifications in distinct laboratories,
although they carried the same main protein structure - 500 amino
acid extracellular domain, now known as ‘sema domain’. In 1998,
the Semaphorin Nomenclature Committee [30], established a uni-
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fied nomenclature: semaphorin (from the word ‘semaphore’ which
means ‘an apparatus for signaling’). However, since these proteins
differ in their structure anchorage, semaphorins have been differen-
tiated into eight different classes (1-7 and V) and subclasses (capi-
tal letters according to specific classifications) [30]. Class 1 and 2
correspond to invertebrates, classes (subclasses) 3 (sema3A-G), 4
(sema4A-D), 6 (sema6A-D) and 7 (sema7A) correspond to verte-
brates only, class 5 (sema5A-B) corresponds to both invertebrates
and vertebrates, and class V correspond to viruses. The structural
anchorage of semaphorin class 3 is a secreted type, while class 4 to
class 6 is a transmembrane type, and class 7 is linked by a gly-
cophosphatidylinositol anchor [5, 30]. Also, as an indication to hu-
mans, it is to be written as ‘SEMA’ (e.g., SEMA3E), whereas in
mice/rat models, it is indicated as ‘sema’ (e.g., sema3E) [30].
Semaphorins, according to their class and subclass, trigger differ-
ent effects, and these are dependent on their binding to different re-
ceptors as well. In mammals, the most common semaphorin recep-
tor comprises the plexin family (divided into four classes, A-D). To
some classes of semaphorin, a specific co-receptor, called neu-
ropilins, which has two subtypes (Nrpl and Nrp2), is necessary.
Class 3 semaphorin (SEMA3), with the exception of subclass SE-
MAS3E, must bind to neuropilin to activate the plexin receptor,
while the other classes need only the plexin receptor to trigger sig-
naling pathways [30]. The review of Worzfeld and Offermans [31]
presents a detailed description of semaphorins and their receptors.

As neuronal guidance cues, semaphoring were initially recog-
nized as having repellent effects during neural development [28,
29], however, recently, researchers demonstrated repellent and at-
tractant roles in neural environments [32]. Additionally, more re-
cent studies revealed the functions of these molecules outside of
the nervous system. Concretely, several classes of semaphorins pro-
mote or inhibit vascular development [33], bone homeostasis [34]
and tissue regeneration [33]. Other semaphorins, such as SE-
MA3A, SEMA3E and SEMA4A, interact with immune cells trig-
gering inflammatory processes as autoimmune disorders [34] and
tumor growth [31, 34]. Thus, the semaphorin family protein plays a
considerable influence on pivotal whole-body function.

2.3. Ephrin

The discovery of this molecule occurred in 1987 through the
identification of its receptors in studies related to oncogenic tyro-
sine kinase [35]. Eph receptors (from Erythropoietin-producing hep-
atocellular cell carcinoma cell line) are considered to be the largest
family of neuronal guidance cues receptors, whose ligand has been
named Ephrin (from Eph receptor interacting proteins) [36, 37].
Like netrins and semaphorins, ephrin ligands and receptors are di-
vided into classes (subclasses): Ephrin-A (A1-AS5) and Ephrin-B
(B1-B3) ligands, and Eph-A receptors (A1-A8 and A10) and Eph-
B (B1-B3), respectively [36, 37]. Although they belong to the same
family of neuronal guidance cues, the ligands Ephrin-A and
Ephrin-B differ greatly in their structures [36]. Ephrin-As is small-
er in size with a binding domain attached to the plasma membrane
via a glycosylphosphatidylinositol anchor. Ephrin-Bs, however,
have a transmembrane protein complex [36, 37]. The structures of
the EphA and EphB receptors are similar, with intracellular, trans-
membrane regions and an extracellular binding domain. As it is a
tyrosine kinase receptor, it is dependent on phosphorylation to cont-
inue intracellular signaling after its activation [36, 37].

The binding of the ephrin-eph receptor axis occurs vig direct
structural contact between cells; that is, the ephring anchored in a
cell membrane 'fit' directly to the anchored receptors of the neigh-
boring cell, triggering forward and reverse signals [36]. Pasquale
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Table 1. Subtypes of Netrin, Semaphorin and Ephrin and their receptors types in vertebrates.
NETRIN Refs.
- Class Subclass -
Subtypes netrin-1 - [12]
netrin-2 - [12]
netrin-3 - [12]
netrin-4 = [14,15]
netrin-G netrin-G1, netrin-G2 [16,17]
Receptors types DCC - [13]
Neogenin - [13]
DSCAM B [18]
UNCS5 (human) UNCS5A; UNC5B; UNC5C; UNCSD [19]
UNC5H (rodents) UNC5H1; UNC5H2; UNC5H3; UNC5H4 [19]
Integring a6f4; a3p4 [13, 20]
SEMAPHORIN
- Class Subclass -
Subtypes Sema3 Sema3A; Sema3B; Sema3C; Sema3D; Sema3E; Sema3F; Sema3G [30]
Semad Sema4A; SemadB; Sema4C; SemadD [30]
Sema6 SemabA; Sema6B; Sema6C; Sema6D [30]
Sema? Sema7A [30]
Receptors types Plexin PlexinA; PlexinB; PlexinC; PlexinD [30]
Neuropilin (N1p) Nip-1; Nip-2 [30]
EPHRIN
- Class Subclass -
Subtypes EphrinAl1-5 EphrinaAl; EphrinaA2; BphrinaA3; EBphrinaAd; EphrinaAS [36,37]
Ephrin-B1-3 Ephrin-B1; Ephrin-B2; Ephrin-B3 [36,37]
Receptors types Eph-Al Eph-Al, Eph-A2; Eph-A3; Eph-A4; Eph-AS; Eph-A6; Eph-A7; Eph-A8; Eph-A10 [36,37]
Eph-B1-3 Eph-B1; Eph-B2; Eph-B3 [36,37]

Abbreviations: DCC: deleted in colorectal cancer; DSCAM: down syndrome cell adhesion molecule; UNC-5: di d 1

Eryth 2 2 hepatocellular cell carcinoma cell line. Ref.: references.

[37] listed several functions of ephrins and their receptors activa-
tion, as actions related to cell shape, movement, survival, prolifera-
tion and differentiation. During embryonic development, these
molecules have the important function of neural structure organiza-
tion, displaying both repellent and attractant actions, with the occa-
sional boundary formation [36]. In summary, Ephrin-eph signaling
has a pleiotropic function, not only in neural development, but in
adult life and in different conditions such as nervous system regen-
eration and cancer development. Table 1 shows a summary of sub-
types of netrin, semaphorin and ephrin and their types of receptors.

3. PATHOPHYSIOLOGY OF OBESITY AND THE PARTICI-
PATION OF NEURONAL GUIDANCE CUES

Obesity is a complex pathophysiological condition that in-
volves different body system interactions simultaneously, directly
influenced by environmental and behavioral aspects [1, 2]. Biologi-
cally, obesity is much more than an excessive accumulation of fat
since it is well established that adipose tissue is a metabolically ac-
tive organ that influences the neuroendocrine control of the body's
energy balance, and in parallel, it is able to trigger resistance to sys-
temic insulin, a precursor to several chronic degenerative diseases
[1-3].

The protagonism of adipokines and cytokines has been in-
creased in studies of obesity and its comorbidities. The discovery
of leptin [38] and the recognition of metabolic inflammation in adi-
pose tissue [3] opened up a range of possibilities for the action of
several other molecules to be explored in the condition of obesity.
One of the cell categories is the neuronal guidance cues, which, as
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5; Sema: ; Nrp-1: Neuropilin-1; Nrp-2: Neuropilin-2; Eph:

we briefly described in the previous section, have been linked to im-
mune responses, in addition to their more classical function in the
development of the nervous system. Next, we will discuss the parti-
cipation of neuronal guidance cues in the onset and maintenance of
the pathophysiological condition of obesity.

3.1. Genetic Issues

The genetic influence on body mass involves types of gene
variants, their frequency of appearance in the population as well as
effect sizes of the phenotype. ‘Common’ variants are found at a fre-
quency of the minor allele of more than 5% in a population and
generally exerts a modest effect size on body mass, while ‘interme-
diate” variants (1% to 5%) exert a moderate impact and ‘rare’
variants (<1%), although found at lower frequencies, are associated
with more severe obesity [39]. The relationship between genetic
factors and obesity can be explored primarily from three obesity
subtypes: syndromic, non-syndromic monogenic (or Mendelian)
and polygenic [40].

Monogenic obesity is caused by a single gene, with a larger ef-
fect size in the development of obesity [40]. The Mendelian form
of obesity refers to chromosomal abnormalities and rare pathogenic
variants in genes encoding key proteins in the regulation of energy
balance [40]. Syndromic Mendelian obesity is accompanied by con-
genital abnormalities that affect specific organs, along with intellec-
tual impairments, such as Prader-Willi syndrome. Non-syndromic
Mendelian obesity is characterized by mutations in the genes relat-
ed to energy homeostasis signaling pathways controlled by a neural
circuit [40].
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This neural circuit, also known as the melanocortin circuit, is
localized in the hypothalamus, involving leptin-responsive neu-
rons, which produce anorexigenic (e.g. pro-opiomelanocortina -
POMC) or orexigenic (e.g. neuropeptide Y/Agouti-related protein)
signalers [41]. When the POMC signaling pathway is activated, its
neurons release ¢-melanocyte-stimulating hormone (o-MSH)
which bind to melanocortin-4 receptor (MC4R), inducing satiety
and increasing energy expenditure [41]. During pre-natal and post-
natal brain development, all subclasses of SEMA3 form part of the
proteins responsible for generating neural connections in the me-
lanocortin circuit [41].

According to a recent study by van de Klaauw ef al. [41], there
are 40 rare variants in 13 genes of the SEMA3 family and their re-
ceptor genes related to the early onset of severe obesity in humans.
Also, the authors found evidence in zebrafish and mice that dele-
tion of some class 3 semaphorin genes and genes related to co-re-
ceptor neuropilin in POMC neurons might result in augmented adi-
posity and contribute to the reduction of energy expenditure and
weight gain, respectively. These mutations of SEMA3s seem to im-
pair the secretion and signaling pathways during the development
of the melanocortin circuit, and consequently modulating the ener-
gy balance homeostasis [41]. These findings concerning mutations
in the melanocortin circuit have relevance on the understanding of
human hypothalamus development and the onset of severe obesity
in childhood and are considered as milestones to future studies re-
lated to the understanding of non-syndromic monogenic obesity
[42].

In polygenic obesity, there are changes in multiple genes, how-
ever, modest effects of each individual gene result in a greater pre-
disposition to increased fat accumulation [40]. Wolf ef al. [43] had
suggested the possible participation of semaphorin on the innerva-
tion of brown adipose tissue in mice, in which macrophage muta-
tion could result in overexpressed plexin receptor, contributing to
the repulsion of sema6A-expressing sympathetic nerve, affecting
thermogenesis responses and weight maintenance. Further studies
are needed to clarify the relation between sympathetic innervation,
brown adipose tissue, thermogenesis and weight control.

3.2. White Visceral Adipose Tissue

‘White adipose tissue (WAT) has the primary function of stor-
ing energy through large-scale accumulation of free fatty acids and
glycerol which form triacylglycerol, and its adipocytes contain a
large single drop of fat that “pushes” the nucleus and all organelles
close to plasma membrane [44]. Adipose tissue, in general, is a
structure formed by several types of cells, most parts correspond-
ing to adipocytes, and other parts formed by stromal-vascular frac-
tions that include connective tissue cells, smooth muscle, nerves,
immune cells, pre-adipocytes, among others [44]. All of them are
joined by collagen fibers presented in the extracellular matrix
(ECM). The ECM provides mechanical and physiological support
via remodeling itself through biochemical responses, as weight
gain or loss is demonstrated in the individual [45]. Together, all
cells that comprise the WAT are major secretors of chemical sig-
nals that act in an autocrine, paracrine and endocrine manner, and
in obesity, WAT is considered a pivotal endocrine organ [44].

A study carried out by Mejhert ez al. [46] identified SEMA3C
in subcutaneous WAT obtained from human individuals. Its expres-
sion and secretion seem to be more prevalent in adipocytes and
was correlated with hypertrophy of WAT and whole-body IR. In
addition, the authors found SEMA3C responsible for stimulating
pre-adipocytes (major cellular mediators promoting WAT fibrosis
deposition in pro-inflammatory microenvironment of obesity) to ex-
press genes of proteins related to remodeling ECM, as fibronectin
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and elastin, matricellular factors, as interleukin-6 (IL-6), as well as
finding a correlation between SEMA3C and the fibrosis of ECM of
WAT. This study suggests the neuronal guidance cue SEMA3C as
a potential adipokine with pro-inflammatory responses. The loca-
tion of WAT is crucial for pathophysiological development of obe-
sity. White visceral adipose tissue (VAT), one that wraps and pro-
tects organs against mechanical impact, is more metabolically ac-
tive, with greater innervation and blood supply, facilitating the en-
try and exit of nutrients, chemical signalers and immune cells from
the whole body. Several studies confirm that VAT is a potential
site that triggers metabolic disorders present in obesity [44, 47].

The abilities to store energy and fight infection are considered
as essential survival mechanisms in complex (multicellular) or-
ganisms, as seen in humans. In addition, these two abilities work to-
gether [48], and this becomes evident in the pathophysiology of
obesity. On one hand, the positive energy balance that leads to ex-
cessive accumulation of fat (energy storage) that culminates in
adipocyte hypertrophy generates morphological and functional
changes in WAT [34]. On the other hand, the marked presence of
immune cells in VAT has a great influence on the coordination of
energy metabolism through the activation of pro-inflammatory
pathways by bacterial fragments from the intestinal microbiota
and/or saturated fatty acids in fighting infection [3, 49, 50].

Hypertrophied adipocytes can disrupt blood supply in some
parts of VAT, leading to hypoxia [51]. This morphophysiological
condition alters the VAT steady-state triggering several mech-
anisms to rectify the blood deficit, including the production of pro-
inflammatory cytokines, as tumor necrosis factor-o (TNF-a) and
IL-6, by resident immune cells to stimulate lipolysis of hypertro-
phied adipocyte and in some cases, its apoptosis [51]. Simultane-
ously, adipocytes release chemoattractant proteins to aid in the infil-
tration of new leukocytes to reinforce the fight for im-
munometabolic balance restoration [51]. In this context, there is a
participation of neuronal guidance cues.

Regarding leukocyte infiltration, even though it is known that
monocytes largely express chemokine ligand 2 (CCL2) receptors,
also known as monocyte chemoattractant protein-1 (MCP-1), to sti-
mulate the infiltration of these cells from the bloodstream to VAT,
semaphorins have been identified to demonstrate a similar function
too [52]. Sema3E, previously recognized for its repellent function,
seems to be the largest recruiter of macrophages among the class 3
semaphorins, as demonstrated by Shimizu et al [52]. In their
study, obese mice fed with a high-fat diet presented with a higher
blood concentration of Sema3E, higher expression of Sema3e in
adipocytes, and its receptor (plexinD1) was found in both adipo-
cytes and macrophages while the deletion of Sema3e gene im-
proved the immunometabolic profile. In addition, Sema3E-dimers
plexinD1/Nrpl axis was found to be an important key regulator of
adipose tissue inflammation and IR since Sema3E was able to acti-
vate p38SMAPK and inhibit the Akt phosphorylation [52]. Studies
in human models are necessary to confirm if class 3E semaphore
binding to plexinD1 would mimic the mice model findings.

If, on one hand, some guidance cues act to attract
macrophages, on the other hand, other guidance cues can also pro-
mote their retention in VAT. Ramkhelawon et al. [6] discovered
that netrin-1 promotes macrophage accumulation in adipose tissue
through higher expression of this guidance cue and its repellent re-
ceptor, UNC-5b, in obese mice and humans when compared to re-
spective lean control groups. In addition, this high expression of
Netrin-1 and Unc-5b in adipose tissue was associated with the ex-
pression of I1-6 and Tnf-¢. They also found that netrin-1 impaired
macrophage emigration from adipose tissue by low responsivity to
CCL9, a chemokine to guide macrophages from tissues to lymph
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nodes. A subsequent study from the same research group showed
that the deficiency of netrin-1 in cells derived from bone marrow
was able to reduce the accumulation of macrophages in adipose tis-
sue with consequent improvement in insulin sensitivity [S3]. Alto-
gether, these studies reinforce that netrin-1 has a role in sustaining
macrophage presence in VAT and, therefore, contributes to im-
munometabolic disorders.

Ephrin also appears to have a role in obesity. When ephrin-B1
was identified in immune cells present in atherosclerosis lesions
and having a role in downregulating migration of macrophages by
inhibition of MCP-1, Mori ef al. [54] investigated the possible func-
tions of Ephrin-B1 in obesity. The authors found negative correla-
tions between mRNA expression of Ephrin-Bl with estimated vis-
ceral adipose tissue area, lower expression of Ephrin-Blin adipose
tissue of diet-induced obese mice, and a reduced expression of this
guidance cue when under stimulation of TNF-¢ in cultured 3T3-L1
adipocyte. It was also found that Ephrin-B1 from adipose tissue in-
hibited macrophage adhesion to adipocytes. The previous findings
support a link among Ephrin-B1 and a reduction of the chronic
low-grade inflammation.

3.3. Comorbidities of Obesity and Neuronal Guidance Cues

Chronic low-grade inflammation and systemic IR negatively
impact both peripheral and central functions [1, 2]. In regard to
this, recent studies highlighted the role of neuronal guidance cues
in these conditions [8, 55, 56]. IR and hyperinsulinemia are a risk
factor for renal injury. Oviing Hacthamdioglu ef al. [55] identified
the potential role of netrin-1 in kidney injury in children with obesi-
ty. They found higher netrin-1 concentration in urine in the obese
group and reported that these individuals may have increased
netrin-1 production in the endothelial cells of the kidneys. Based
on their results, the authors suggested urinary netrin-1 as a promis-
ing early biomarker of kidney injury with tubular damage.

Besides the negative impact of obesity on peripheral organs,
there is conclusive evidence that indicate the negative impact of
obesity on the function and structure of the central nervous system
[57]. For example, the study of Yau ez al. [58] found that in adoles-
cents with metabolic syndrome, there was a relationship between
smaller hippocampal size and lesser cerebrospinal fluid, and a low-
er academic and attention performance. Metabolic inflammation
present in obesity seems to influence the permeability of the blood
brain barrier, changing the input and output of different types of
proteins, including pro-inflammatory, which alter the neural envi-
ronment to a neuroinflammation state which impairs its function
[59] and may trigger an inflammatory metabolic neural disease,
such as Alzheimer’s disease [57].

According to a review by Lee ef al. [8], the authors suggested
there are antagonistic effects of netrin depending on conditions, for
example, in experiments investigating neurological diseases mod-
els netrin-UNCS axis has an anti-inflammatory role and a neuropro-
tective function, while in primary cultured human endothelial cells,
the signaling pathway seems to trigger TNF-o and interferon-vy,
pro-inflammatory proteins present in neuroinflammation condi-
tions. In addition, neutrin-1 reduced the production of beta-amy-
loid, and in the presence of mutation, increased neuronal death in
the hippocampus was observed. Semaphorins also play a part in
neuroinflammation, for example, Sema4D as attenuating
lipopolysaccharide-stimulated pro-inflammatory responses in glia
cells [8]. Lipopolysaccharide is a Gram-negative bacterial fragment
that is able to trigger pro-inflammatory cytokine production, and its
blood concentration is commonly high in obesity, aggravating im-
munometabolism dysfunction [49]. Table 2 summarizes responses
of neuronal guidance in obesity.
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Table 2. Neuronal guidance cues in obesity context.
N;::;:ﬁé‘i":— Effects in Obesity Refs.
[Accumulation of macrophage 61
[Expression of IL-6 and TNF-a. 61
. Low concentrations improve insulin sensibility [53]
Hefnin:] [Barly biomarker of kidney injury with tubular damage [55]
[Reduction of beta-amyloid production 81
[Mutation increases neuronal death in hippocampus 8]
SEMA3 |Rare genetic variants related to early onset of severe obesity [41]
classes Mutations impair energy balance homeostasis [41]
SemabA  |[Mutations affect thern is and weigh mai [43]
SEMA3C |Hypertrophy of WAT and whole-body IR [46]
[Fibrosis of ECM of WAT [46]
Sema3E  [Recruiter of macrophages [52]
Activate p38MAPK and inhibit Akt phosphorylation [52]
SemadD izl::::ing lipopolysaccharide-stimulated pro-inflammatory| 8]
Anti-inflammatory properties [54]
. Inhibition of MCP-1 [54]
Ephrin-B1 - - —
[Negative correlation with visceral fat area [54]
Inhibition of macrophage adhesion to adipocytes [54]

Abbreviations: IL-6: Interleukine 6; TNF-o: Tumor necrosis factor-alpha; WAT: white adipose tis-
sue; TR: insulin resistance; ECM: extracellular matrix; MCP-1: monocyte chemoattractant protein-1.

In addition, maternal obesity has been found to be detrimental
to offspring health in several ways. A study by Sanders et al. [56]
showed that maternal obesity impairs orexigenic NPY neuronal cir-
cuit development in mice offspring as the high concentrations of
pro-inflammatory cytokine [L-6 seem to impair the connection of
NPY neurons in arcuate nucleus (ARC) with neurons of paraven-
tricular nucleus (PVN) in the hypothalamus during the fetal period.
The authors detected netrin-1 as a protein responsible for guiding
axons of ARC to PVN, however, IL-6 could be related to altera-
tions of receptor DCC and disrupting netrin-1 function as an axonal
guidance cue. Unc-5 gene was also found to be modulated by ma-
ternal obesity; however, [L-6 was not identified as responsible for
this modulation, suggesting the possibility of other inflammatory
proteins to act on netrin-1-UNC-5 axis in the hypothalamic devel-
opment of mice offspring with obese mothers. The impact of the
low neuron projection between these two areas of the hypothala-
mus could impact orexigenic abilities; however, more studies are
necessary to investigate its real impact on body mass maintenance
of offspring.

4. SYNAPSES LOSS IN THE HIPPOCAMPUS SECONDARY
TO OBESITY

The previous section of the review discussed the impact of obe-
sity on molecules that regulate neuronal guidance (e.g. netrins,
semaphorin and ephrin families). However, another aspect that
should be considered for obesity is that it is a morbid condition that
induces total or partial loss of communication among previously
well-established cell connections. The present section will discuss
the available literature that explains the impact of obesity or
metabolic syndrome (MetS) on the loss of synapses in the hippo-
campus. The information argued in the current section was ob-
tained from rodent models [60-65].

The hippocampus is a member of the limbic system [66, 67],
composed of three principal areas: hippocampus proper (cornu am-
monis -CA-), dentate gyrus (DG) and the subiculum (including
entorhinal area) [66, 67] (see [68] for more details). The neuronal
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Fig. (1). Simplified model illustrating the impact of obesity and metabolic syndrome (MetS) on synapse loss at the hippocampal region. Un-
der healthy conditions (left side A), the electrical signal generates an action potential (AP) in the presynaptic neuron. During the AP, the volt-
age galed calcium channels (VGCC) are activated allowing the flow of calcium (Ca™) into the intracellular region. The major Ca™ levels in-
duce the secretion of glutamate (through storage vesicles mobilization, a molecular process performed partially by synapsin). Once released,
the glutamate binds and activate the NMDA receptors (mainly during long-term potentiation) localized in the dendritic spines of postsynaptic
neurons. The ionotropic receptors allow the Ca™ entry into the cytosol and activates several kinases, including the calcium/calmodulin-depen-
dent protein kinase 1T (CaMKII). The CaMKII phosphorylates and activates to transcription factors such as cAMP response element-binding
protein (CREB). Finally, CREB enhances the Bdnf transcription. The BDNF is a key molecule to strengthen LTP and synaptic plasticity (A).
Obesity and MetS is a morbid condition (right side B) characterized by induced chronic low-grade inflammation at the periphery and neuroin-
flammation. The neuroinflammation induces synaptic damages and dendritic spine reduction (upper right). On the other hand, it has been hy-
pothesized that during obesity and MetS peripheral molecules such as triglycerides (TGs) reach the hippocampus, to reduce the Ca®' currents
and induce insulin resistance (IR) (mid-center, right side). The last condition reduces the expression of genes associated with cognition and
synaptic plasticity such as synapsin and GAP-43. Finally, a reduction in the synaptic contact during the MetS was also demonstrated, howev-
er, the molecular mechanism underlying this detriment has not been elucidated.

connectivity (synapses) present in the hippocampal region is associ-
ated with cognitive process (e.g. learning and memory) [66, 68].
Two main classes of neurons are preponderant in the hippocampus:
inhibitory cells (GABAergic cells) (=10-20% of the hipocampal
neurons) and excitatory cells (glutamatergic cells) [69, 70]. Particu-
larly, the glutamatergic synapses are linked with either learning
and memory [67. 71, 72] or with memory consolidation, a ncuro-
physiological process termed long-term potentiation (LTP) that rep-
resents the synapses’ strength and efficiency of synaptic transmis-
sion [67. 73]. In bricl. the pre-synaptic glutamatergic neuron releas-
es the neurotransmitter glutamate as a consequence of an increase
in intraccllular caleium (Ca”) levels. Once released. glutamate
binds to specific post-synaptic receptors (localized in dendrites spi-
nes), particularly ionotropic glutamate receptors (NMDA. AMPA,
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Kinate receptor) and metabotropic receptors [68]. The activation of
these receptors elevates the intracellular Ca™ in the post-synaptic
neuron that activates several signaling pathways, including calci-
um/calmodulin-dependent protein kinase II (CaMKII) [69, 73].
CaMKII phosphorylates and activates transcription factors such as
CAMP response element-binding protein (CREB). Finally, CREB
enhances the brain-derived neurotrophic factor (BDNF) gene tran-
scription. The BDNF is a key molecule that enhances LTP and sy-
naplic plasticity [74-76] (Fig. 1A), generaling a positive feedback
to improve cognition.

During obesity or MetS, the deficient neuronal connectivity re-
duces the LTP resulting in a detriment of the cognitive perfor-
mance [64]. One of the mechanisms to impair the synapses is
through the IR in the hippocampus [65, 77]. The IR generates a re-
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duction in the spine dendrites [65]; and further downregulates the
expression of proteins associated with neurotransmitter secretion
(e.g. synapsin) [60, 77, 78], and molecules responsible for axon
growth e.g. GAP-43, a relevant mechanism for the synaptic plastici-
ty [78-80]). Finally, other authors reported negative effects of
MetS on glutamate receptor levels and synaptic contact [64]; how-
ever, the authors did not explore the molecular mechanism released
by the MetS to disrupt neuronal circuits in the hippocampal region.
Nevertheless, they hypothesized that the peripheral molecules pre-
sent during obesity and MetS (e.g. triglycerides) could reach the
brain and provoke neuronal disorders, and reduce cognitive perfor-
mance [64] (Fig. 1B).

CONCLUSION AND PERSPECTIVES

The current narrative review aimed to draft an overview of
what has already been known about the role of neuronal guidance
cues in the pathophysiology of obesity. Here, we focused on netrin,
semaphorin and ephrin families and their respective receptors and
influence on the metabolic inflammatory aspect of obesity. The cur-
rent work discussed a noticeable and complex network of molecu-
lar communications, and inter- and intracellular responses that are
still not completely recognized to be linked to obesity. Therefore,
more studies are necessary to elucidate the potential role of neuron-
al guidance cues in the obesity and its comorbidities as MetS.
Thus, we suggest advances in the interaction of different areas of bi-
ology research to cover several gaps between neuronal guidance
cues and obesity issues, including the effects of different types of
treatments in obesity. Future research might clarify the outcomes re-
garding pharmacological and non-pharmacological approach in re-
lation to neuronal guidance cues and obesity. Thus, the current re-
view article can be considered as a background for future scientific
studies focused on elucidating the crosstalk between obesity and
neuronal guidance cues in all biological spheres.

LIST OF ABBREVIATIONS

AMPA = ¢-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic
Acid Receptor

ARC = Neurons in Arcuate Nucleus

AB = Amyloid Beta

BDNF = Brain-derived Neurotrophic Factor

CA = Cornu Ammonis

CaMKII = Calcium/Calmodulin-dependent Protein Kinase IT

CCL = Chemokine Ligand

CREB = cAMP Response Element-binding

DCC = Deleted in Colorectal Cancer

DG = Dentate Gyrus

DSCAM = Down Syndrome Cell Adhesion Molecule

ECM = Extracellular Matrix

Eph = Erythropoietin-producing Hepatocellular Cell Carci-
noma Cell Line

15 = Interleukin

R = Insulin Resistance

LTP = Long-term Potentiation

MC4R = Melanocortin-4 Receptor
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MCP-1 = Chemoattractant Protein-1

MetS = Metabolic Syndrome

o-MSH = ¢-Melanocyte-stimulating Hormone
NFKB = Nuclear Factor Kappa B

NMDA = N-methyl-D-aspartate receptor

NPY = Neuropeptide Y

Nrp = Neuropilins

POMC = Pro-opiomelanocortina

PVN = Paraventricular Nucleus
Sema = Semaphorin

TLR-4 = Toll-like receptor-4

TNF-o. = Tumor Necrosis Factor-a
UNC-6 = Uncoordinated-6

UNC5 = Uncoordinated Locomotion-5
VAT = Visceral Adipose Tissue
VGCC = Voltage Gated Calcium Chanels

WAT = White Adipose Tissue
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L INTRODUCTION

Obesity has reached epidemic proportions that affect different
ethnic, age and socioeconomic groups [1]. A survey conducted by
the Global Burden of Disease (GBD) encompassing 195 countries
revealed that, in 2015, the obese population doubled in about 70
countries compared to the findings of a similar survey performed in
1980, reflecting more than 603 million adults worldwide [2]. These
data raise concerns from the public health perspective, as obesity is
a major risk factor for morbidity and montality. This is because
excessive accumulation of body fat, especially in the abdominal
region, causes changes in different levels of body's functions, lead-
ing to cycles of physiological compensations, which overload body
systems generating a pathophysiological condition [3, 4] related to
health risk [1]. Thus, adiposity reduction is recommended to im-
prove the health of obese individuals [5].

of obesity has shown o be much more complex than simply over-
canng calones, since this pathophysiological condition ranges from

s to cognitive impairments, which can interfere
with aspects of behavior, such as selfcontrol decision-making,
attention and memory, making it difficult for the affected individual
to adhere to a healthy lifestyle, thus reinforcing the complexity of
this condition, with a myriad of factors which maximize the diffi-
culty for a successful treatment [3, 4, 7-9].

There are different approaches to treat pathophysiological re-
sponses as a result of obesity, among them being exercise training
as a form of a non-phamacological treatment. The role of exercise
is unique for health promotion, as not only does it increase energy
expenditure thus providing support to the weight loss process, the
body's responses to exercise also seem to benefit other aspects di-
rectly related to the pathophysiclogical condition of obesity, such as
anti-infk Yy resp [10].

The term ‘obesity’ i derived from the Latin word oh
which means devouring or eating away [6]. However, the etiology
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Thus, this review of the literature aims to present how immu-
nometabolic alterations can impact the cognitive function of obese
individuals and the non-phammacological role of exercise training to
improve this pathophysiological condition.

2. OBESITY
2.1. Etiology

The eticlogy of obesity can be smdied from a phylogenetic
and/or ontogenetic perspective. From a phylogenetic perspective,

© 2020 Bentham Science Publishers
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Fig. (1). Ecological model for understanding obesity. Adapted from Egger ¢ Swinburn [7].

the human race seems to inherit evolutionary traits that are predis-
posed to conserve fat storage as a survival trait [11]. This argument
appears justifiable with the notion that our human ancestors would
have difficulty in obtaining their food due to its great shortage in
early times. Some researchers [11, 12] consider this, the hypothesis
of a "Thrifty gene” [12] as one reason, even in small part, to combat
obesity. Others, such as Speakman [13], argue that the obesity phe-
notype is a "Drifty gene". In other words, there would be genetic
randomness to its epidemic. From an ontogenetical perspective,
there are different types of influences that may or may not corrobo-
rate with the establishment of obesity during the developmental
process of each individual, being a consequence of the interaction
between genetic load and intrinsic and/or extrinsic factors. Egger
and Swinburn [7] proposed an ecological model to understand the
origin of obesity that encompasses three major influences: envi-
ronmental, biological and behavioral, as described above in Fig. (1).

Environmental and biological influences undoubtedly impact
human behavior, and in obesity, some behavioral variables may be
compromised. For example, in obese individuals, decision-making
ability may be impaired, interfering with impulsivity control, which
may contribute to the development of binge eating, addiction to
certain types of foods, changes in mood, memory and reasoning as
well as maintaining a higher sedentary behavior [14-16]. Moreover,
situations or environments that generate great mental stress and
anxiety can result in an increased intake of food, which may give
rise to eating disorders [16, 17].

This brief explanation about the causes of obesity gives us an
overview of multifactorial processes (environmental, biological and
behavioral, phylogenetic and ontogenetic) that lead to the emer-
gence of this condition. From a molecular level, there are also sev-
eral changes taking place that result in abnormal tissue function and
behavioral responses. Thus, the following section will discuss in
more detail the relation between the degree of obesity and its
pathophysiological characteristics.

2.2. Pathophysiology of Obesity

The pathophysiological condition of obesity is directly related
to location and accumulation of white adipose tissue, which deter-
mines the onset of comorbidities related to obesity. Subcutaneous
adipose tissue (SAT) differs greatly from visceral adipose tissue
(VAT) [18], and Table 1 presents some of these anatomical and
physiological differences.

SAT is present in the most superficial layers of the body with
protective metabolic characteristics, since it is less metabolically
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active and is responsible for capturing free fatty acids (FFA) and
triacylglycerol (TAG) excess from the circulation, as shown in
Table 1. Despite being responsible for lipid storage, adipocytes of
SAT have a determined capacity, which when exceeded, this tissue
begins to lose its protective character and the fat starts to accumu-
late in other sites unsuitable for storage (known as ectopic fat), such
as the liver, skeletal muscle and heart, contributing to the develop-
ment of comorbidities [18, 19].

On the other hand, VAT is located close to organs, which po-
tentiate its metabolic activity (Table 1). This adipose tissue is more
sensitive to catecholamines, since it is capable of expressing a large
number of B-adrenergic receptors, responsible for stimulating
lipolysis and cortisol action, which is found in high concentrations
when an individual is under stress, contributing to higher fat accu-
mulation and differentiation of preadipocyte in this region [18]. The
perirenal, pericardial, and intra-abdominal adipose tissues (as de-
scribed above) are examples of VAT, which in abnormal conditions
can also impair general functions of the body [19], which will be
detailed below.

Adipose tissue is a type of connective tissue composed of fat-
filled adipocytes that are surrounded by connective tissue matrix,
blood vessels, fibroblasts, immune cells and preadipocytes [20]. An
mmportant feature of this tissue is its ability to secrete many proteins
known as adipokines, cytokines and chemokines, which have
autocrine, paracrine and endocrine functions and influence appetite,
energy balance, immunity, insulin sensitivity and lipid metabolism,
amongst others [18, 19]. Among several adipokines produced by
adipose tissue, leptin, adiponectin, tumor necrosis factor-o (TNF-a),
interleukin-10 (IL-10), and interleukin-6 (IL-6) will be highlighted
here.

Leptin is the major adipokine related to energy balance as it is
released proportionally to fat storage. Leptin inhibits orexigenic
pathways and activates anorexigenic pathways in the hypothalamus,
the part of the brain that is responsible for food intake control and
energy expenditure, which allows the maintenance of body mass
[21]. Leptin also has the function of angiogenesis, hematopoiesis
and immunity. Its main source of production is SAT, although VAT
also contributes to blood concentrations [18]. Adiponectin is an-
other protein abundantly produced by adipocytes, especially from
VAT [22], and its main function is sensitivity to insulin action that
increases glucose uptake and stimulates fatty acid oxidation, whilst
inhibiting glycolysis, lipogenesis and gluconeogenesis [23]. In addi-
tion, it inhibits the expression of adhesion molecules and stimulates
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Table1. Structural and functional differences in SAT and VAT.
SAT Characteristics VAT
The main areas for deposition are gluteofemoral and ANATOMICAL Responsible for up to 10 to 20% of total fat in men and
anterior abdominal wall regions. Covers about 80% DIFFERENCES 5 to 8% in women. Visceral fat increases with age in
of total body fat. both sexes
It is not highly vascularized and venous drainage is VASCULARIZATION In addition to being highly vascularized due to its ana-
done through systemic veins. tomical position, venous Blood is drained directly into
the liver through the portal vein, providing direct he-
patic access to FFA and adipokines secreted by visceral
adipocytes
Not highly innervated. INNERVATION Highly innervated
Smaller, with higher affinity for capturing FFA and ADIPOCYTES Larger, with higher accumulation of FFA and more
TAG and more sensitive to insulin. Greater capacity resistant to insulin. Greater capacity for hypertrophy
for hyperplasia.
Higher amounts of estrogen receptors, especially in RECEPTORS Higher amounts of glucocorticoid, androgenic and
the gluteofemoral region. adrenergic receptors
Lower presence. IMMUNE CELLS Higher presence and active participation
Lower lipolytic activity. LIPOLYSIS Higher lipolytic activity

Adapted from Ibrahim [18]. FFA: Free Fatty Acids; TAG: Triacylglycerol.

Normal
adipose tissue

* Immune Cell infiltration
* Insulin Resistance (IR)

+ Lipolysis

« Adipocyte Hypertrophy

* Hypoxia

* Chemokine * Adipocyte apoptosis
* Proinflammatory cytokine release
* Higher IR
* Higher lipolysis

® o & o o o — .
Adipocyte Hypertrophied adipocyte Macrophage T Limphocyte Cytotoxic Lim ascularization i y cytokine  Fat free acids (FFA

Fig. (2). Inflammation via hypoxia of adipose tissue. Adapted from Virtue and Vidal Puig [31].

IL-10 production, therefore, demonstrating its important anti-
atherogenic role [18].

In contrast, TNF-¢, 1L-10 and IL-6 are mainly produced by
immune cells infiltrated into the adiposc tissue. TNF-o is the major
cytokine produced by macrophages and its function is to regulate
biological processes such as differentiation, proliferation and cellu-
lar apoptosis, as well as acting on energy metabolism. Simultane-
ously, lipolysis is increased, which contributes to a higher TAG and
FFA blood concentration, as TNF-¢ impairs the insulin signaling
pathway by inhibiting the phosphorylation of insulin receptor sub-
strate 1 (IRS-1) of adipocytes and myocytes [24]. IL-10"s function
is to prevent an exacerbated inflammatory response by inhibiting
proinflammatory cytokine gene transcription, such as TNF-o., and
by increasing expression of other anti-inflammatory proteins, such
as the receptor of TNF-o0: [25]. IL-6 plays a role in lipid metabolism
by increasing both lipolysis and oxidation of FFA [26].
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Excessive lipid accumulation induces adipokines production
alteration, making the microenvironment more proinflammatory in
an attempt to reestablish the balance of this tissue microenviron-
ment [3, 4, 27, 28]. If these imbalances are not resolved in the long
term, this metabolically triggered inflammation may culminate in
low-grade chronic inflammation [28].

Chronic positive energy balance increases adiposity, which, to a
great extent, impairs blood flow, and as such, some regions of adi-
pose tissue may suffer from hypoxia. This impairment in blood
perfusion results in the activation of transcription factors related to
endothelial growth and hypoxia, such as hypoxia-inducible factor 1-
alpha (HIF-1a), which activates the production of chemoattractant
proteins and leptin [20, 29]. These factors lead to greater infiltration
of different immune cells into adipose tissue and produce more
cytokines such as TNF-a and 1L-6, which will increase lipolysis as
an attempt to reduce adipocyte size and increase oxygen suplly. At
the same time, a higher release of TNF-a activates adipocyte apop-
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tosis attracting more monocytes, lymphocytes and other immune
cells within the adipose tissue, potentiating immunometabolic stress
(Fig. 2) [27-29].

In addition to adipose tissue hypoxia, endotoxins can trigger
inflammatory pathways. High fat intake increases gut permeability,
which allows products of Gram-negative bacteria, known as
lipopolysaccharides (LPS) to enter the bloodstream and infiltrate
body tissues. LPS endotoxin is able to bind to receptors known as
Toll-like (TLR), which are abundant in immune cells, triggering
pathways related to expression, production and secretion of in-
flammatory cytokines [30]. Another pathway responsible for
chronic low-grade inflammation is related to signaling pathways
activated by FFA, particularly saturated fatty acids, which may
come from dietary sources, or due to positive inflammation feed-
back itself [28, 31]. Saturated fatty acids, such as palmitate, seem to
incorporate themselves into the plasma membrane, which triggers
changes in fluidity while activating proinflammatory signaling [32].

Hypoxia, endotoxemia, and excess of FFA, have common sig-
naling pathways through kinases, which promote gene expression
of proinflammatory proteins while inhibiting insulin signaling [28
29]. Among these pathways, the activation of protein kinase C
(PKC), c-JUN N-terminal kinase (JNK) and kappa B kinase inhibi-
tor (IKK) culminates with the activation of nuclear factor kappa B
(NFkB), responsible for several cytokines gene transcription, in-
cluding TNF-o and [L-6, and nhibition of the peroxisome prolifera-
tor-activated receptor-gamma (PPAR-y). Thus, since PPAR-y
(which is the transcription factor responsible for the expression of
proteins involved in lipid metabolism and insulin sensitivity, such
as adiponectin) is inhibited in inflammatory conditions, there is a
loss in metabolic energy (both lipid and glycemic) [29].

Thus, with obesity, especially abdominal obesity, proinflamma-
tory pathways are likely to be highly stimulated, resulting in ele-
vated concentrations of TNF-a, IL-6 and leptin, and reduced con-
centrations of [L-10 and adiponectin leading to local and systemic
immunometabolic damage. High concentrations of TNF-a and IL-6
activate lipolysis with increased release of FFA, and when entering
the bloodstream, are directed to other tissues, including the liver
(via portal vein, as mentioned above) [5, 33]. In addition, as de-
scribed previously, TNF-o inhibits insulin signaling while suppress-
ing adiponectin expression, insulin resistance (IR) may become
systemic due to inflammation of adipose tissue [3, 28] (Fig. 3).

IR is the failure of response to insulin in tissues. In obesity, IR
seems to function by minimizing adipocyte anabolism in order to
avoid further energy storage. However, this condition forces the
pancreas to produce a surplus of this hormone, leading to long-term
hyperinsulinemia [34, 35]. Several peripheral tissues, such as the
liver, adipose and musculoskeletal tissue, depend on insulin for
glucose uptake and lipogenesis, however, their responses are im-
paired due to IR. Thus, hyperinsulinemia may be accompanied by
hyperglycemia and hyperlipidemia, increasing the risk of develop-
ing other non-transmissible chronic diseases, such as comorbidities
of obesity [3, 4], as depicted in Fig. (3).

In addition, metabolic changes in obesity have been associated
with impairments in central nervous system (CNS) function (Fig. 3)
that may affect behavioral variables, such as cognitive aspects of
self-control, cognitive flexibility, working memory and reasoning,
as well as being related to the development of psychological disor-
ders, e.g. depression and dementia [34].

In summary, the growth of obese population can be recognised
by the interaction of its etiological and pathophysiological com-
plexity. The damage which obesity generates in an individual’s
health has inflammation as one of the causes for IR onset, which in
turn, is a risk factor for the development of several obesity-related
comorbidities. In this regard, it is thus vital that obese individuals
commit to change their behavior patterns in order to preserve their
quality of health. However, adherence to lifestyle change is often
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low and this fact should not be treated in a simplistic way. This is
because functional CNS changes have a strong impact on certain
components of cognition that reflect on the individual's behavior, as
we will see in the next session.

3. COGNITIVE FUNCTION AND OBESITY

The advancement of science has allowed the expansion of un-
derstanding regarding the impact of chronic noncommunicable
diseases on the individual. Until a few decades ago, the focus of
obesity was centered around diseases such as diabetes, dyslipide-
mias and cardiovascular diseases. Nowadays, studies have estab-
lished links between obesity and CNS function, such as cognition
[36-39].

Studies have reported the existence of cognitive decline in
obese individuals, regardless of age [36, 37, 39], gender [39], pres-
ence of psychological diseases [40], socioeconomic factors and
cardiovascular diseases [40]. Cognitive changes are related to eat-
ing disorders, poor adherence to various types of treatments, addic-
tions [41], impairments in school and professional performance
[36], and favoring the development of psychiatric disorders such as
mood swings, depression and some types of dementia such as Alz-
heimer's disease [38].

Understanding what and how the components of cognitive func-
tion may be related to obesity is an important tool to aid in the pre-
vention and treatment of this pathophysiological condition.

3.1. Cognitive Function

Cognitive function is the ability to process, integrate, manipu-
late, store and retrieve information [40] involving different compo-
nents [42] such as perception [43], attention, [44] learning [45],
memory [46] and executive function [47]. The interaction between
aspects of cognitive function as well as the performance of each of
them influences human behavior. All the functions that make up
cognition are interdependent, however, in this review, we will de-
scribe executive function.

Executive function is a superior, multidimensional cognitive
processes or mental operations used to guide behavior, especially in
nonroutine situations, that allow for prediction and action directed
toward particular goals. It is also known as self-regulation [47-49]
and prioritizing and sequencing information, inhibiting familiar or
stereotyped behaviors, creating and maintaining an idea of what
task or information is most relevant to current purposes, resisting
distracting information or irrelevant tasks, using relevant informa-
tion to supporting decision-making, categorizing or abstracting
common elements between items, and dealing with new informa-
tion or situations [48]. Executive function is commonly classified
into three main domains: inhibition, cognitive flexibility and work-
ing memory [39, 41].

Inhibition, also known as inhibitory control or self-control,
refers to the ability to suppress automatic and/or impulsive re-
sponses [39] able to control attention, behaviors, thoughts and emo-
tions, overriding a strong internal predisposition or external attrac-
tion to execute a more appropriate or necessary response [41]. Cog-
nitive flexibility is the ability to shift attention in response to
changes in focus or rules, where appropriate [39], i.e., ability to be
flexible enough to adjust to priority changes in the face of unex-
pected opportunity, and being flexible to change opinions or similar
situations [41]. Working memory also fits into the executive func-
tion, since it has the ability to monitor the relevance of the received
stimuli and to relate information in memory as needed [39]. The
executive function supports reasoning, creativity, recombination of
various elements of thinking, and allows planning and decision
making [41].

The relation between working memory and self-control is a
two-way path, as one supports the other. For example, for an indi-
vidual to stay focused on a situation that requires more mental ef-
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Fig. (3). Pathophysiological condition of obesity.
leukin-6.

fort, it is necessary to inhibit any other stimuli to avoid shifting
focus, in which case, self-control supports a particular task that uses
memories in order for the task to be executed. On the other hand, in
a situation where it is necessary to avoid automatic attitudes or to
issue standard answers, working memory will support self-control
by concentrating on information that should guide behavior, thus
reducing the chance of errors. Cognitive flexibility is built on those
two domains. This is demonstrated in a situation where we need to
change the perspective [39]. For example, in order to change a par-
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ticular habit, it will be necessary to activate self-control to "block"
routine actions, whilst working memory is triggered to use previous
information in order to reinforce attention to implant the new pat-
tern. Therefore, the three domains, although classified differently,
operate interconnectedly.

In addition to these three primary domains, decision-making,
verbal fluency, and planning make up executive function [39] as
well. Decision making is defined as a cognitive and/or emotional
process that occurs whenever an individual has to make a choice
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between several possibilities based on personal goals and values
[14, 39]. Verbal fluency is the ability to generate as many words as
possible from a semantic category at a given time [39]. Planning is
a formulation, evaluation, and sclection of a sequence of thoughts
and actions to reach a goal [39]. All cited skills (and many others)
make up executive [unction, which, in turn, is part of cognitive
function. Impairments in cognitive processes might impact different
aspects of life.

Executive function is the cognitive variable that is more com-
promised in obese individuals [39, 40] with a performance reduc-
tion in this ability and consequently, impacting the behavior of the
obese individual. Thus, it is necessary to understand this relation-
ship between the pathophysiological condition of obesity and cog-
nitive performance.

3.2. Cognitive Impairment in Obesity

In the past, rescarchers believed that adiposity alone did not
directly contribute to poor cognitive function, but indirectly through
cardiovascular changes that would then impact cognition [40].
However, several studies have recently confirmed a direct relation-
ship between obesity and impairment of cognitive function [37, 38,
40].

Smith e al. [40], afler a bibliographic survey that included
studies with children, adolescents and adults, found that since
childhood and adolescence, obese individuals already presented a
cognitive deficit in relation to children with normal BMI, and this
same relation remained in adulthood. In addition, Smith ez al. [39]
highlighted, although obese individuals have lower motor fitness,
language development and memory, the executive function seems
to be the most affected component. A recent meta-analysis per-
formed by Yang et al. [39] found poorer self-control, working
memory, cognitive {lexibility, decision-making, planning and ver-
bal fluency performance in human obese individuals when com-
pared with eutrophic pairs. However, the causes of such an associa-
tion remain uncertain.

In the present review, we sought to elucidate this association
through three perspectives: preexistence of cognitive deficit as a
risk factor [or the development of obesity; common [actors (genet-
ics and excessive fat intake) that simultancously influence the ac-
cumulation of visceral fat and cognitive performance; and the
pathophysiological condition of obesity as a predictor of impair-
ment in cognition (Fig. 4).

Longitudinal studies have found that better cognitive perform-
ance, especially of executive function, adjusted for socioeconomic
factors and maternal BMI, were related to a low chance of develop-
ing obesity from childhood [50, 51] until adulthood [51]. This is
because the functioning of the prefrontal cortex influences energy
control ability and food intake impulses along with the hypotha-
lamic and limbic system [50, 52]. Thus, according to the first rcla-
tionship (Fig. 4A), individuals may become obese due to a limita-
tion of thesc preexisting neurological functions.

A second perspective suggests the existence of a common fac-
tor that leads to increased visceral fat while impairing cognitive

A. B.
ree ()

221

Current Pharmaceutical Design, 2020, Vol. 26, No. 9 921

performance at the same time (Fig. 4B). Smith er al. [40] stated that
these two conditions may share the same common genetic variants,
for example in the FTO gene, which is related to the development
of obesity and seems to be involved with lower brain volume as
well. In addition, excessive lipid consumption can lead to both an
acute cognitive deficit while its accumulation in adipose tissue and
other body tissues may lead to a chronic cognitive deficit [28, 40].
Edwards et al. [53] found that a high-fat dict consumption during a
seven-day period reduced reaction time and the attention of seden-
tary men. Animal studies confirm that FFA crosses the blood-brain
barrier (BBB) and triggers activation of proinflammatory signaling
pathways, such as those occurring in other tissues, corroborating
with an inflamed neuronal environment, also called neuroinflamma-
tion [54].

The third perspective (Fig. 4C) considers that the pathophysi-
ological condition of obesity is a strong factor for cognitive decline
[40]. Schwartz et al. [37], using a sample of 983 adolescents (with a
mean BMI of 21.79 kg/m” for boys and 21.91 kg/m” for girls), per-
formed a cross-scctional analysis involving cognitive asscssment
and abdominal magnetic resonance image, and concluded that vis-
ceral fat contributed negatively to executive function of young ado-
lescents. Another study, conducted by Yau et al. [36], compared
adolescents with and without metabolic syndrome and found those
with the pathological condition presented worse in academic and
intellectual performance and demonstrated reduced attention, apart
from having a reduction in hippocampal volume and a greater
amount of cerebrospinal fluid. These findings suggest that immu-
nometabolic imbalances may compromise cognitive [unction [36-
38].

Studies with intravenous and intranasal insulin administration
have found the role of insulin as a neuroregulatory peptide [55] in
several regions of the brain such as the hypothalamus, which regu-
lates anorexigenic pathways in the frontal cortex, with the function
of determining eating behavior [56]. However, obese individuals
scem to have lower concentrations of insulin in CNS, since higher
values are found in plasma than in the cerebrospinal (luid. This
concentration diflerence is related to the preliminary existence of
IR in the BBB, decreasing its passage to CNS. Thus, lower concen-
trations of insulin add to its resistance to action (due to neuroin-
flammation), which strongly impairs brain [unctionality, including
cognitive function [38, 56].

In addition to insulin, glucocorticoids, mainly represented by
cortisol in humans, also has important effects on brain function.
Increascd amounts of abdominal fat scem to be associated with
greater responsiveness to the hypothalamic-pituitary and adrenal
(HPA) axis [57, 58]; therefore, in obesity, this hormone can be
found in higher concentrations. Due to its lipophilic characteristics,
the cortisol is able 1o easily cross the BBB as well as the cell mem-
branc and then bind to specific intracellular receptors in the brain.
Among the receptor types, we highlight the glucocorticoid receptor
(GR) that has a lower affinity with cortisol and, therefore, is usually
activated when cortisol is in higher concentrations, as in the case of
obesity, and may impair prefrontal cortex performance, impacting
executive function. In the hippocampus, the activation of GR by

Cognitive
Function

Common
Factors

/I

Fig. (4). (A, B, C) Possible relationships between obesity and cognitive deficit.
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cortisol seems to suppress long-term potentiation (LTP), an impor-
tant mechanism for memory consolidation [59].

Although cortisol is recognized for its anti-inflammatory, im-
munosuppressive and immunomodulatory action, such as the inhi-
bition of proliferation and activation of lymphocyte apoptosis, it has
recently been recognized as a precursor of proinflammatory im-
mune responses in the CNS. This was demonstrated in rats, in
which stress protocols not only failed to suppress but rather induced
TNF-o. concentrations in the hippocampus and prefrontal cortex
versus LPS stimuli. Thus, stress-induced glucocorticoids may have
a proinflammatory action in CNS [60].

In addition to glucocorticoids and changes in msulin concentra-
tions and its action, FFA and LPS resulting from a high-fat diet and
more permeability through BBB (as a consequence of chronic in-
flammation of low-grade inflammation present in obesity and al-
lowing more cytokines to cross the BBB as well), contribute to
neuroinflammation. Neuroinflammation seems to be a triggering
factor for several CNS disorders, which, due to excess of proin-
flammatory cytokines, impairs neural feedback circuits related to
energy balance, to HPA axis control, and to trigger neurodegenera-
tion processes [38, 59].

Thus, the pathophysiological condition of obesity has been
linked to a reduction in brain function and structures, including the
prefrontal cortex and hippocampus, as immunometabolic alterations
may be related to inhibition of neuroplasticity, neurogenesis and
neuronal growth processes [38, 59]. In this context, brain-derived
neurotrophic factor (BDNF) is a protein that has been prominent in
neuronal health, encompassing both cognitive function and aspects
of energy metabolism. Thus, in the next topic, we will give a brief
exposition about this protein and its relation with the pathophysiol-
ogy of obesity.

3.3. Brain-derived Neurotrophic Factor

Early research on BDNF arose in 1978 when a group led by
Yves-Alain Barde and Hans Thoenen identified a factor produced
by glial cells that supported different sensory neuron survival in
relation to functional and immunological criteria of other factors
already known, such as nerve growth factor (NGF). In 1980, the
same group demonstrated that mammalian brains also had a similar
survival factor when, in 1982, Barde ef al. [61] were able to extract
2ug of this new factor from 3kg of pig brain, which they called a
neurotrophic factor. Since then, several experiments have been
performed with brain-derived neurotrophic factor - BDNF, and
confirming its ability to provide neurogenesis, synaptic and axonal
remodeling, neuronal differentiation and neuroregeneration [62-64].

BDNF is a member of the neurotrophin family of growth fac-
tors, such as NGF, neurotrophin-3 (NT-3), NT4, which are found in
mammals and in humans, and is widely present in the hippocampus,
amygdala, cerebral cortex and hypothalamus. It is located on chro-
mosome 11pl3 and expressed from a single locus composed of 11
exons and nine promoter regions [65]. Studies with rodents have
contributed to understanding from synthesis to the function of this
neurotrophin. Its transcription is closely regulated by neural activity
and is initiated by the activation of ¢-amino-3-hydroxy-5-methyl-
4isoxazole (AMPA) and N-methyl-D-aspartate (NMDA) propionic
acid receptors by the glutamate released from the presynaptic neu-
ron. These receptors allow an influx of sodium and calcium, respec-
tively. Calcium then binds to calmodulin II-dependent protein
kinase, which in turn activates transcription factors of the element-
binding proteins in response to cAMP (CREB) and NF-«B inducing
transcription of the gene Bdnf that is transported into the endo-
plasmic reticulum [66].

In the endoplasmic reticulum, it is synthesized as a pre-pro-
neurotrophin and in the Golgi complex, it is stored in vesicles as a
pro-neurotrophin, also called pro-BDNF (~32kDa). Pro-BDNF may
or may not undergo the action of intracellular proteases within the
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vesicle itself, such as furin (an endopeptidase), and extracellular
proteases, such as metalloproteinases (MMP), especially MMP-9,
and plasmin, a product dependent of plasminogen cleavage by tis-
sue plasminogen activator (tPA), considered as a critical step to
conversion of pro-BDNF to mature BDNF (mBDNF). Pro-BDNF
also gives rise to two other isoforms: pro-domain (~28kDa) and
mBDNF (~14kDa) [67, 68].

The release of BDNF isoforms is dependent on the activation of
Na" (depolarization) channels, especially in high-frequency states
(~ 100 Hz), with a subsequent influx of Ca®* by voltage-dependent
Ca®* channels (VDCC) and NMDA and AMPA receptors or release
of stored intracellular Ca?* itself [69].

All isoforms are active in the human body, however, they pre-
sent antagonistic responses by activating two different classes of
receptors placed on the plasma membrane. Responses to mBDNF
are well-established. On ligation to receptors, the dimerization of
tropomyosin-related B kinases (TrkB) is initiated followed by auto-
phosphorylation of tyrosine residues in the intracellular kinase do-
main. Within seconds to minutes, tyrosine phosphorylation is fol-
lowed by activation of several signaling cascades, such as phos-
phatidylinositol-3-kinase (PI3K), mitogen-activated protein kinase
(MAPK) and activation of phosphorylase-C-signaling pathways
(PLC -y) that are related to survival, dendritic growth and plasticity
of nervous system cells [66, 69, 70]. This is because mBDNF in-
creases the release of neurotransmitters and prolongs the opening of
ion channels, making synaptic transmission more effective, which
favors LTP, for example [69].

The functional importance of pro-domain of the BDNF, or pro-
domain, has been demonstrated by the discovery of a single nucleo-
tide polymorphism in which valine (val) 66 is replaced by me-
thionine (met), known as Val66Met. This polymorphism is related
to eating and executive function disorders [71], memory deficits
and abnormal hippocampal function in humans. In the cell domain,
the Val/Met substitution affects the intracellular traffic of the
BDNF to the synapses and attenuates BDNF release dependent on
the regulated activity, without affecting its constitutive secretion
[69]. Research into all possible functions of pro-BDNF is still
scarce, limiting the understanding of these pathways. When pro-
BDNF binds to its p75 neurotrophin receptor (p75" ) related to
sortilin, it triggers neuronal apoptosis, axon shortening, negatively
regulates hippocampal and spinal cord density [72], and under cer-
tain long-term conditions, may lead to neurodegeneration. Fig. (5)
shows the sketch of mBDNF and pro-BDNF signaling pathways.

Studies have shown low concentrations of BDNF in obese indi-
viduals [73, 74]. Kaur et al. [75] found a relationship between
higher central adiposity, lower BDNF concentration and lower ex-
ecutive function of healthy middle-aged adults. Human studies have
found poorer executive function performance and lower frontal
cortex thickness [76], which could be associated with changes in
BDNF concentrations in obesity, which reinforces evidence of -
teraction between the pathophysiological conditions of obesity,
cognition and BDNF. However, further studies are needed to help
understand how this interaction occurs.

3.4. BDNF and Obesity

Research verifying the mechanisms involving obesity, cogni-
tion and BDNF is still limited. There is some evidence to show that
the immunometabolic imbalances as a response to hypertrophy of
adipose tissue could affect concentrations of BDNF.

Human studies have shown an association between cortisol
concentrations and BDNF [77, 78]. However, it is in animal studies
that such relationships become more elucidated. According to Suri
and Vaidya [79], glucocorticoids, when chronically elevated (up to
10 days) and with increased GR activation, seem to act at multiple
levels in the regulation of BDNF, ranging from transcriptional con-
trol to post-synaptic signaling. At the transcriptional level, gluco-
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corticoids can activate glicocorticoid response elements (GRE) that
in turn, interfere with CREB transcriptional activity. Glucocorti-
coids may also interfere with the activities of furin, tPA and MMP,
which may alter the cleavage rate of pro-BDNF and consequently
the availability of mBDNF. In addition, glucocorticoids may influ-
ence the trafficking of vesicles containing the BDNF isoforms from
dendrites to the axon terminals, impairing their release in the synap-
tic cleft. Finally, glucocorticoids can inhibit mBDNF/TrkB signal-
ing by impairing the activation of MAPK, PLC-y and PI3K path-
ways, which may alter neuronal functions. However, studies involv-
ing glucocorticoids and pro-BDNF are still limited [79].

In relation to inflammation, the involvement of neurotrophin is
complex. Firstly, BDNF plays a role in the maturation and survival
of T lymphocytes, especially under stress conditions [80, 81]. Ker-
schensteiner et al. [80] showed a bidirectional relationship between
the immune system and the nervous system, when they found that
immunological cells (CD4", CD8" lymphocytes, B cells and mono-
cytes) were able to produce BDNF and a supernatant of these cells
after a 72-hour incubation, which was able to give support in the
survival of these sensory neurons. However, these same authors
suggested that only nerve cells could be activated by BDNF due to
the TrkB receptor subtype (gpl45TrkB), while other cells, such as
the immunological ones, would carry the truncated TrkB receptor
subtype (gpl95), which could not activate intracellular signaling,
but would only have a share in the production of this protein. In
2003, Bayas ef al. [82] tested this hypothesis, by demonstrating that
the stimulation of peripheral blood mononuclear cells (PBMC) by
recombinant BDNF was able to increase [L-4, [FN-y and TNF-a
mRNA expression among other cytokines, showing that immune
cells may also be influenced by BDNF.

Secondly, inflammation can induce the production of BDNF
within neurons, immune cells and other organs, leading to increased

223

bloodstream BDNF concentrations. TNF-a and [L-6 appear to in-
crease BDNF. Huang ef al. [83] found that LPS-stimulated PBMCs
were able to increase BDNF production in young obese adults,
suggesting that in inflammatory conditions, immune cells, via in-
creased IL-6, are stimulated to produce neurotrophins in order to
minimize neuronal damage associated with obesity, such as cogni-
tive deficit. In addition, Luo ef al., [72] showed under conditions of
inflammation, the conversion of pro-BDNF into mBDNF seems to
be inhibited and higher concentrations of pro-BDNF stimulate infil-
tration of immune cells culminating in an increase in proinflamma-
tory cytokines. However, these mechanisms still need to be eluci-
dated and whether this occurs in humans and in the condition of
low-grade chronic inflammation, it is still unclear. Thus, further
studies are needed to understand the relationship of different BDNF
isoforms and immunometabolic responses in the obesity condition.

Thirdly, BDNF seems to have an anti-inflammatory effect on
neuroinflammation, since intranasal and intracerebral administra-
tion in rats increased IL-10 concentrations and decreased TNF-«
[81]. However, studies evaluating the anti-inflammatory effect of
BDNF and its isoforms in humans are scarce.

In contrast to the energy metabolism, several studies have
pointed to a relationship between BDNF concentrations and insulin
sensitivity [84-86]. This is because BDNF favors the pathway of
glucose uptake and mitochondrial biogenesis, contributing to cellu-
lar homeostasis, mainly in the CNS [66, 87]. Currently, a negative
correlation has been reported between concentrations of BDNF and
fasting glycemia, obesity, and blood TAG concentrations; on the
other hand, a positive correlation with high-density lipoprotein
HDL-c concentrations [87]. In the cellular environment, BDNF
increases the production of neuronal ATP in some pathways: stimu-
lating the expression of the Glucose-3 transporter (GLUT3), via
Ca* influx and activation of calmodulin, regulating the transcrip-
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tion of peroxisome proliferator-activated receptor-gamma coactiva-
tor-lo (PGC-1a), thus increasing the number of mitochondria [66].
In addition to inhibiting dietary behavior (appetite suppression),
BDNF also influences the metabolism of various peripheral organs,
such as skeletal muscle, to improve insulin sensitivity [66].

Thus, it is possible that in the presence of chronic low-grade
inflammation, this pathway via BDNF/energy metabolism is im-
paired. Therefore, changes in BDNF concentrations bring immu-
nometabolic damage that may impact the neuronal/cognitive health
of obese individuals. In addition, it is important to note that most of
the studies with BDNF do not discriminate isoforms, whereas those
involving pro-BDNF are scarce.

Although the pathophysiological picture of obesity that may
impair cognitive performance presented so far, it is necessary to
develop strategies to combat this disease. Although there are phar-
maceutical interventions that are available, and that the awareness
that the control of food intake is fundamental, the practice of a
regular physical activity is one of the main therapeutic tools in the
treatment of obesity. Optimizing the "use" of this tool can bring
greater health benefits.

4. EXERCISE TRAINING AS A
PHARMACOLOGICAL APPROACH

Regular physical exercise is recognized for its multiple health
benefits. Physical exercise enhances metabolism and energy expen-
diture, which corroborates a reduction of fat storage [88-90]; in-
creases cardiorespiratory fitness, favoring oxygen supply, energy
substrate and metabolite removal in all body tissues, including CNS
[91, 92]; modifies the production, release and action of hormones,
especially those related to energy metabolism [10, 91]; modulates
inflammatory profile, which is highly activated under pathophysi-
ological conditions [10, 93], and is able to improve cognitive func-
tion [94-97].

Application of different types and structures of exercise pro-
motes benefits; however, aerobic training is generally recom-
mended for reducing body fat, although the implementation of re-
sistance training is recommended for increasing and maintaining
muscle mass [88], as well as favoring the improvement of energy
metabolism [98].

NON-

4.1. Physical Training and Chronic Low-grade Inflammation

Since obesity is known to be characterized by a chronic low-
grade inflammation that favors the onset and development of other
comorbidities, several studies have explored the anti-inflammatory
function of physical exercise [10, 99]. This scenario can be guided
by three possible mechanisms: intra-abdominal adipose tissue re-
duction, lower activation of immune cells (vie TLR-4), and in-
creased anti-inflammatory factors. Reductions in intra-abdominal
adipose tissue are related to higher expression of metabolic proteins
such as GLUT4 and PGC-la, increased mitochondria and lipid
oxidation in muscle and adipose tissue [99], which result in higher
energy expenditure, even in the absence of total body mass reduc-
tion. Once intra-abdominal adipose tissue is reduced, there willbe a
consequent increase in adiponectin and lower production of TNF-a,
and IL-6, making this tissue less inflamed and, therefore, less resis-
tant to insulin action [10].

The effects of aerobic training also seem to be related to lower
activation of peripheral immune cells. Mechanisms related to this
process have yet to be clarified, but it is speculated that these cells
will be able to internalize chemokine receptors under the influence
of exercise training as a negative feedback response. Physical exer-
cise training also seems to reduce TRL-4 expression in macro-
phages and consequently decrease T lymphocyte activation (via
MHC II) and promflammatory cytokine production. Hormonal
(mainly adrenal) oscillations resulting from exercise training favor
the reduction of T lymphocyte infiltration in adipose tissue as well
in the bloodstream [10].
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Concomitantly, exercise training itself is responsible for modu-
lating the production and secretion of hormones, such as adrenal
hormones, as well as stimulating the production of signaling factors
by muscle contraction, called myokines [10]. Regarding adrenal
hormones, both cortisol and adrenaline are increased according to
exercise intensity. In this condition, there are acute elevations of
cortisol that exert an anti-inflammatory effect by inhibiting immune
cells, while adrenaline inhibits proinflammatory TLR-4 pathways
[10]. These hormones act in conjunction with the release of [L-6 by
muscle contraction during exercise. IL-6 released as myokine is
related to energy storage (glycogen) and anti-inflammatory effects
(by a subsequent IL-10 and [L-1ra releasing). The magnitude of [L-
6 secretion depends on intensity and exercise duration, apart from
the physical finess level of the individual [10, 100]. These anti-
mflammatory mechanisms from exercise training lead to a reduc-
tion in IR and, as stated earlier in this review, IR is a triggering
factor for many comorbidities associated with obesity, including its
relation to cognitive impairments.

4.2. Exercise Training, Cognitive Function and BDNF

Taking into account the different protocols of physical exercise,
mainly resistance and aerobic (high-intensity or moderate-intensity
performed at continuous or intermittent form) training, several stud-
ies have shown their effects on speed and cognition accuracy [101],
information processing in CNS [102], neurocognitive performance
[103], BDNF regulation [104, 105] and myokines production,
which is related to improvement in cognitive function as FNDCS5,
irisin and cathepsin B increase [100].

In addition to modulations imposed by different protocols of
exercise training, it is important to highlight metabolic status (pres-
ence or absence of illness) as well as the individual’s physical fit-
ness condition as determining factors for targeting the magnitude of
response associated with physical exercise. In this line, Edwards
and Loprinzi [106] evidenced that high physical fitness and low
sedentary behavior were jointly associated with the highest cogni-
tive function in older adults (60-85 years), suggesting that maximiz-
ing cardiorespiratory fitness and reducing sedentary behavior may
be the most optimal stimulus for enhancing cognitive function.

Recently, Engeroff et al. [107] demonstrated that in healthy
older adults (>65 years), they reported a beneficial association be-
tween regular practice of physical activity and brain metabolism,
given that the ATP concentration in the brain is positively associ-
ated with habitual physical activity. This suggests that higher ATP
concentrations may indicate a greater neuronal energy reserve in
physically active participants and, in addition, BDNF analysis re-
vealed a beneficial association with habitual physical activity
whereas sedentary behavior was negatively associated with BDNF.
More recently, the same group evidenced the association of lifelong
physical activity with cognitive function and brain health by corre-
lating between the mean energy expenditure of leisure physical
activity from a lifespan perspective, with cognitive function, mainly
attention, and brain plasticity, as seen by N-acetylaspartate to cho-
line ratios [108].

Besides brain function and metabolism, some studies have re-
ported morphological adaptation imposed by physical exercise in
cerebral structure by an increase in brain volume and/or mass, espe-
cially by neurogenesis at hippocampus area [109-112]. An interest-
ing review suggested that at least 80% of the total grey matter vol-
ume is modifiable by physical activity [113]. In a study conducted
by Ruscheweyh ef al. [114], a positive association was observed
between physical activity and local gray matter volume, memory
score and a trend to BDNF increase, without differences between
exercise intensity groups, suggesting that beneficial effects of
physical activity on memory function occur independently of its
intensity, possibly mediated by local grey matter volume and some
neurotrophic biomarkers. Together, these findings lead us to hy-
pothesize that limiting the time spent in sedentary behavior and to
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Table 2. Effects of acute and chronic exercise on aspects related to cognitive function, neurotrophins and brain health.
References Sample Sample Age Exercise Protocol Results
. 'Oldelr adults . Compared a multicomponent exercise (90 min/d, 2 Better Mini-Mental State Examination and
Suzuki er al. with mild cogni- " g s 4
[127] - >635 years d/wk, 40 times) versus education control group logical memory scores, | whole brain
after 6 months of intervention. cortical atrophy in the exercised group.
(n—p100) fter 6 ths of i i ical atrophy in thi ised p
Compared aerobic exercise (4 d/wk for 45-60 Improvement in the executive function
Baker of al. Glucose intole- min/session performed at 75-85% of HR reserve) (Trails B, Task Switching and interference
[117] ’ rant adults 57-83 years versus stretching (control group performing at or trials of the Stroop), cardiorespiratory fit-
(n—28) below 50% HR reserve) after 6 months of interven- ness and insulin sensitivity in the aerobic
tion. group.
Wmenssiione Compared multimodal class (twice each week Better neurocognitive performance, balanc-
Vaughan er al. —_ during 60-min/session which included cardiovas- ing ability, mobility, lower extremity func-
cognitive im- 65-75 years . . . . .
[128] airment (n—49) cular, strength and motor fitness training) versus tion, falls risk and exercise capacity.
P control group after 16 weeks of intervention. tBDNF.
N . (.Zompaxed aerobic e).(ércise (uti.lizi.ng aclive—play Improvement in the newrocognition (in-
Kimhy ef al Indn./lduals w_nh video games and traditional equipments (treadmill, dexed by MATRICS Consensus Cogaitive
[136] schizophrenia 18-55 years stationary bike and elliptical machine) at 60-75% Battery)
(n—33) HR,..) versus standard psychiatric treatment after
12 weeks of intervention. TRDNE.
Patients with Compared combined exercise training (aerobic TBDNE
Ozkul et al. . training in treadmill during 30 min 60-80% HR ... TFunctional exercise capacity.
multiple sclero- 18-60 years A .
[129] is (n-36) following by 15 min pilates performed 3 d/wk ) |Fatigue
sis (n—. X .
versus control group after 8 weeks of intervention. Improvement in the postural stability.
Walsh et al A‘dolescel?ts Compafed aerf)bic @Nor resistance trai.lni.ng {BDNF
139 with Obesity 14-18 years (4d/week in low-intensity, low-volume resistance,
[139] (n—202) and aerobic training) after 4 weeks of intervention. THOMA-B
Adolescents Compared aerobic training (45min at 65-85%
Goldfiel et al. with ovemfelght 14-18 years HRmaf),’ resistance tran{img (4%11?m 2-3 selts of 8-12 No changes on serum BDNF.
[123] or obesity repetitions) and combined training (90min of both
(n—78) protocols) after 4 weeks (4d/week) of intervention.
Compared subjects of strength training program (3
Goekint et al. Untrained sub- 18-30 vears d/week with 3 sets of 10 repetitions at 50-80% No changes on BDNF, IGF-1, IGFBP-3
[118] jects (n—32) ¥ RM) versus control subjects after 10 weeks of and Cognitive assessment.
intervention.
: 7 Compared exercised group (3d/week with 2-3 sets
Ruiz et al. ‘Women Nona- L. o No changes on ACE, sAPP, BDNF, EGF
X —40) >90 years of 8-10 repetitions at 30-70% RM) versus control and TNF-a.
Li24] genarians ( after 8 weeks of interventions. i
Patients with Colmpa:ed hlgh. intensity resistance trfnfnmg @2 o .
Jorgensen et multivle sclero 18-60 vears sessions/week with 3-5 sets, 6-10 repetitions at 6- No chances on acute or chronic circulating
al. [125] sisp(n—_’:O) ¥ 15 RM) versus control after 24 weeks of interven- levels of BDNF.
tion.
Mobility-limited C d training (2 ions/week with 3
Hvid ez al. ouly ity ompa"?'e POWED a.urn.ng (Zischsinnziweck Wi No changes in the mature and/or total
[122] older adults >75 years sets with 8-10repetitions at 70-80% RM) versus BDNF
(n—47) control group after 12 weeks of intervention. ’
Compared progressive strength training (3sets with
: 10 repetitions progressively increased by 10 % of
Forti et al. Older adult
0[11290]11 (ziZO\)l s 62-72 years IRM every two sessions from 50 up to 70-80 % of No significant change in BDNF.

1RM) versus matched control group after 12 weeks
of intervention.
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References Sample Sample Age Exercise Protocol Results
Older adults . . 3
| S Commpt i i (Lm0t 6| s (8D 18
mild cognitive 60-80 years § 4 " trend to increase VEGF.
[124] . X bout at 75% of 1RM) and non-exercise inferven-
impairment . Strength exercise: TIGF-1.
(n-66) tion (control).
o AL (i . Better frontal and temporal functioning of
ompared trained group (training on rowin
T 1 : p. . e g. & the brain regions and the levels of BDNF
e et ar. Healthy teens 14-18 vears swimming, running (>1000m) or triathlon for at and VEGF inferacted with exercise status in
[134] 0-91) ¥ least two months prior to the study) versus _
matched control. predicting frontal and temporal lobe func-
’ tion.
TBDNF
. Patients with Compared acute high-intensity exercise bout (10
lieral GF-1
Ton[ti 3178] 2 type 1 diabetes 18-44 years intervals of 60s at 90% of their maximal wattage) 1HGF
(n—10) versus matched controls. Better performance at congruent and in-
congruent parts of the Stroop test.
Patients with Compared acute (incremental test until exhaustion)
Brikeset, multiple sclero- 40-60 years verxu.s Chan_E Quwecks) ?ffems ol endu-rance TBDNF only after exercise (acute).
[138] sis (n-42) exercise training (2-3sessions/week at bicycle
ergometer).
Compared high-intensity exercise (4 X 4 min inter-
Déiifiisiies Physically Inac vals at 85-95% HRuna interspersed with 4 min of Resistance training: 1 neurotrophin-3 and
¥ £ . ¥ Y _ recovery at 75-85% HR,,.,), resistance training neurotrophin 4/5.
Sanchéz er al. tive Overweight 18-30 years e . . .
[130] Adults (n-51) (12-15 repetitions per set, at 50-70% RM with 60 s Combined training: tBDNF and 1 neu-
of recovery) and combined high-intensity and rotrophin-3.
resistance exercise.

HR - Heart Rate; HRumax - Maximal Heart Rate; RM - Maximal Repetition; BDNF - Brain-derived Neurotrophic Factor; HOMA-B - Homeostatic Model Assessment of B-cell Func-

tion; IGF-1 - Insulin-like Growth Factor-1; IGFBP-3 - Insulin-like Growth Factor-binding Protein 3; ACE - Angiotensin Converting Enzyme; sAPP - Soluble Amyloid Precursor

Protein-¢; EGF - Epidermal Growth Factor; TNF-¢ - Tumor Necrosis Factor-o;

maximize physical exercise training performance might benefit not
only cardiometabolic but also cognitive health via modulated brain
metabolism and morphology.

Thus, considering regular exercise training, individuals with
higher physical fitness status have lower brain tissue losses, espe-
cially in frontal, parietal, and temporal cortex [115], higher brain
perfusion and responsiveness of blood vessel [116], and greater
neurotrophins production [104, 117]. These adaptations are some of
the hypotheses considered to explain the positive impact of physical
fitness status in brain health improvement, providing a plausible
biological mechanism to explain the benefits of exercise training.
Furthermore, varying the modalities and intensity of exercise train-
ing seem to be key factors in cognitive modulations imposed by
physical exercise.

‘When investigating the impact of physical exercise on cognitive
functions and adaptations, a greater responsiveness to aerobic exer-
cise was observed in the literature and less is known about resis-
tance exercise, postulated by some authors as an efficient protocol.
In several human groups (i.e. untrained population, obese, women,
older adults with or without cognitive impairment), studies did not
verify alterations on both BDNF concentrations and cognitive func-
tion after acute or long-term resistance training [117-125].

However, it is important to note that some recent studies using
isolated resistance/strength exercise identified positive modulation
on BDNF concentration [126] although findings are more pro-
nounced when combined with other exercise protocols that give an
"aerobic" feature to the training program [127-130]. In this line, a
recent study conducted by Dominguez-Sanchéz ef al. [130] with
physically inactive overweight adults compared the acute effects of
different training protocols (aerobic high-intensity exercise, resis-
tance traming and aerobic high-intensity combined with resistance
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VEGF - Vascular Endothelial Growth Factor.

exercise) and identified that resistance training-only protocols were
able to increase neurotrophins 3 and 4/5 whereas combined training
altered similar neurotrophins that parallel BDNF. These data re-
garding resistance exercise led us to consider the training specificity
and its periodization, given that when associated with other exer-
cises, mainly aerobic, they seem to promote beneficial effects. In
addition, Lira ef a/. [131] hypothesized that the volume of training
performed by targeted larger muscles in resistance training has a
larger influence on BDNF than overall volume.

As opposed to resistance/strength training, acute or chronic
aerobic exercise is widely proposed as an efficient protocol to im-
pose positive modulations on cognitive function and BDNF concen-
trations in healthy and at-risk populations. A recent study con-
ducted by Antunes ef al. [132] observed that BDNF concentrations
increased after acute aerobic sessions, mainly with high-intensity
exercise; however, when looking at physical fimess levels, subjects
with lower physical fitness levels had greater increases in BDNF.
This finding is similar to a previous study by Babaei ef al. [133].

Interestingly, the research by Babaei ef al. [133] also verified
significant BDNF increases after acute aerobic and anaerobic ses-
sions but from a long-term perspective, the authors suggest a meta-
bolic adaptation imposed by aerobic exercise training given that the
trained group (who are used to competing at domestic champion-
ships for more than 10 years) showed a significantly lower basal
serum BDNF, when compared with control group (sedentary indi-
viduals), and better cognitive function represented by the Pictures
Recall memory test. A beneficial chronic adaptation was also sug-
gested by Lee ef al. [134] when comparing regular exercisers (train-
ing on rowing, swimming, running (>1000m) or triathlon for at
least two months) and non-exercisers, as the researchers observed a
better frontal and temporal functioning of the brain region in the
trained group versus the non-trained group. In addition, BDNF and
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VEGF concentrations interacted with exercise status in predicting
frontal and temporal lobe function, suggesting that beneficial ef-
fects are region-specific and are associated with the serum levels of
neurotrophic factors.

Overall, it can be inferred that aerobic exercise is capable of
modulating cognitive functions, BDNF production or both. With
cognitive function, significant adaptations are identified mainly
after chronic interventions in different populations, such as im-
provement in measures of cognitive control and working memory
[135] executive function (Trails B, Task Switching and interference
trials of Stroop) [117] and neurocognition components such as so-
cial cognition, visual learning, verbal fluency, information process-
ing speed and a better ability to attend, concentrate, think flexibly
and resist distraction [128, 136].

Unlike cognitive aspects, neurotrophins and other metabolic
parameters associated with cognitive improvement show a signifi-
cant change after an aerobic exercise bout in healthy and at-risk
populations. Tonoli ef al. [137] found that after an acute high-
intensity exercise session (10 intervals of 60s at 90% of their
maximal wattage), higher BDNF and IGF-1 concentrations were
reported; Briken e al. [138] identified higher BDNF production
only in response to acute exercise testing without pronounced dif-
ferences after long-term endurance exercise training; and Tsai ef al.
[124] observed significantly greater serum levels of BDNF and
IGF-1 and a trend to increase serum levels of VEGF after an acute
bout of aerobic exercise (30-min bout at 65-75% of HR reserve).
These findings strengthen not only the short-term effects of aerobic
exercise on neurotropin production associated with neurogenesis,
neuroplasticity and neuroprotection but also on key molecules re-
sponsible for angiogenesis processes and metabolic health.

Table 2 summarizes the outcomes from studies according to
different modalities, frequency and intensity of exercise training on
aspects related to cognitive function, neurotrophins and brain
health.

Based on these studies, the regular practice of physical exercise
by the obesity population must be considered to alleviate patho-
physiological conditions as exercise training is related to immu-
nometabolic benefits, on top of contributing to BDNF concentra-
tions, thus increasing better cognition performance and weight loss.

CONCLUSION

Given the worldwide epidemic situation of obesity which has
transcended the history of humanity, developing strategies to com-
bat this pathological condition is vital. Cognition impairments and
obesity are linked by immunometabolic changes, including BDNF
levels. Thus, improving insulin signaling and anti-inflammatory
profile favoring neurotrophin production are a key pathway to ame-
liorate body function. Although the use of medication in some cases
is recommended to improve metabolic dysfunction present in obe-
sity, regular physical exercise practice is essential to support the re-
establishment and maintenance of health by increasing energy ex-
penditure, reducing insulin resistance, anti-inflammatory proteins
and neurotrophin production corroborating to upregulation of body
metabolism and decreasing consequences of comorbidities. There-
fore, exercise training is a powerful non-pharmacological approach
against the harmful effects of obesity.
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