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THESIS SUMMARY

Brain injury caused by the combination of inadequate blood flow and oxygen
delivery to the brain before and during birth is called neonatal hypoxic
ischaemic encephalopathy (HIE). Whole body hypothermia has been shown
by randomised controlled trials to reduce brain injury due to hypoxic-ischaemic
insults, and is an accepted treatment for HIE. However, HIE still results in
considerable morbidity with 40% or more of cooled neonates nevertheless
dying or suffering moderate or severe long-term impairment.

The aim of whole body hypothermia is to lower brain temperature to 33-34°C
within 6 hours of birth and continue this for 72 hours before rewarming to
normothermia. However, direct measurement of brain temperature is not
generally possible in the human neonate during whole body hypothermia and
there is a reliance on proxy measures of systemic core temperature, the most
common of which is rectal temperature (Tec).

The inability of hypothermia to prevent all brain injury following HIE is likely to
relate to a complex interplay of many factors, including the timing of injury and
application of cooling, and inadequate knowledge of the ideal depth and
duration of cooling. However, hypothermia is also energetically costly where
thermoregulation is activated to defend a core temperature set-point, and
induces a hormonal stress response which may be harmful. An important
concept is that induced hypothermia is quite different to anapyrexia, which is
the adaptive response to hypoxia highly conserved in evolution where the core
set point is lowered thus reducing oxygen consumption and stress responses.

Brown adipose tissue (BAT) thermogenesis is the metabolic mechanism used
by neonates to defend core temperature during exposure to cold, and has an
essential role in warming the brain in animal models. The activity of BAT
during hypothermia treatment for HIE has not been examined in the human
neonate.

Furthermore, the premise that T, reflects brain temperature is weakly
supported with a paucity of human neonatal data. Extrapolation from animal
data and adult human data may be invalid due to thermoregulatory
differences, in particular BAT thermogenesis. Tec @s a monitoring site has not
been adequately validated by comparison with temperature at other core sites
during whole body hypothermia.

In this thesis, temperature control during whole body hypothermia in human
neonates is studied, with an emphasis on BAT activity and temperature
gradients between core body sites.
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The following hypotheses are tested: (i) thermogenesis in BAT is active during
therapeutic hypothermia for HIE; (ii) BAT activity influences temperature in the
lower oesophagus (Toees) Mmore than Trec; (iii) Trec does not accurately reflect Toes;
(iv) BAT activity is associated with severity of brain injury.

Manually controlled hypothermia using T as the target temperature site was
studied because this is the standard practice in South Australian tertiary
neonatal intensive care units. Furthermore, servo-controlled cooling blankets
(by cooling the skin of the back) preclude the assessment of changes in inter-
scapular skin temperature (Tscap) that may be associated with BAT
thermogenesis. A series of experiments measured core temperature (T and
Toes) and Tscap Using standard temperature probes, and exposed surface
temperatures using infrared imaging, both in healthy neonates, and in critically
il normothermic and hypothermic neonates nursed supine with the back in
contact with an insulating mattress of an open radiant warmer.

These studies conclude that rectum is an inappropriate site to monitor and
regulate core temperature during manually controlled hypothermia. Tyec
underestimates Toes, appears to be influenced by leg skin temperature, and
demonstrates a long lag time to change after a change in environmental
temperature that promotes temperature fluctuations in more rapidly responding
sites such as Toes. Evidence is presented that supports the presence of BAT
thermogenesis in many neonates during whole body hypothermia, and that
thermogenesis is more closely aligned to Toes than Tiec. If Toes iS considered
more reflective of central venous and aortic blood temperature, then Tec
monitoring will result in warmer than expected blood perfusing deep brain.
Toes IS therefore more likely to provide a stable and relevant measure of brain
temperature and should be used in clinical practice.

The data presented in this thesis also suggest that neonates with HIE can be
divided into those that demonstrate anapyrexia and those that defend core
temperature via activation of BAT. Those neonates with anapyrexia have a
greater likelihood of MRI visible brain injury. The data do not suggest that
activation of BAT results in harm to the brain. However conclusions are limited
by small study numbers and a lack of clinical follow-up. The influence of BAT
thermogenesis on the recovery of the brain during hypothermia requires further
study and consideration should also be given to the study of therapeutic
interventions that turn off BAT as a means of inducing therapeutic hypothermia.
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CHAPTER ONE
1 INTRODUCTION AND THESIS OBJECTIVES

1.1 INTRODUCTION

Brain injury caused by the combination of inadequate blood flow and oxygen
delivery to the brain before and during birth is called hypoxic ischaemic
encephalopathy (HIE).! While brain injury occurs acutely (cellular necrosis),
cell death is known to continue for some time afterwards.? Animal studies
have shown that numerous brain cells are programmed to die in a process
called apoptosis, sometime after a HIE insult. The lowering of brain
temperature helps to inhibit this secondary cell death effect.® Based on
animal experiments, several authors speculated that lowering brain
temperature for 72 hours in human neonates shortly after suffering a HIE

insult could inhibit apoptosis and improve neurological outcome.? ***

Cerebral cooling via whole body or selective head ¢ ooling benefits

human neonates with HIE

Several pilot studies of rescue hypothermia were undertaken on human HIE
neonates that showed a degree of neuronal rescue that led to several

randomised controlled trials (RCTs).? ® 124

These RCTs deliberately lowered body temperature in HIE human neonates
and provided evidence that cooling reduced death or disability.> “** Jacobs
et al in 2013 published results of a Cochrane review of eleven therapeutic
hypothermia RCTs for HIE neonates.™ A subgroup of eight quality RCTs
collectively studied 1344 neonates where 666 neonates underwent no
therapeutic cooling and 678 neonates received cooling.* Jacobs et al
concluded that there was evidence to show that induced hypothermia helped
improve both survival and development at 18 to 24 months of age.™

Outcomes from these eight RCTs showed that death or major disability
occurred in 409 uncooled neonates (61%) and only 312 (46%) with cooled
neonates. While these results show benefit from therapeutic hypothermia, it
is clear that significant morbidity continues from HIE despite cooling.



Cooling studies used body temperature as an estimat e of brain

temperature

The aim of therapeutic hypothermia treatment is to sufficiently lower brain
temperature for a period of 48 to 72 hours before gradual rewarming to a
normal temperature.’ ® However brain temperature was not measured as
part of any of these trials. Instead, ‘core’ body temperature was used as an
estimate of brain temperature with different core sites used including rectum,
lower oesophagus and nasopharynx, along with different cooling methods.* ”
In these eight RCTs, rectum was used in 945 (70%) of neonates, lower
oesophagus was used in 205 (15.5%) and nasopharynx was used in 194

(14.5%) of neonates.

Methods of achieving cerebral cooling varied betwee n RCTs

Jacobs et al stated that the quality of the neurodevelopmental outcome
assessment was considered to be high in six RCT studies that followed
survivors to at least 18 months of age.* These studies can be divided into
five subgroups based on the following cooling methodologies: (i) selective
head cooling where rectal temperature was used to target the level of body
cooling;* ’ (ii) selective head cooling where nasopharyngeal temperature was
used to target the level of cooling;** (iii) total body cooling where lower
oesophageal temperature (Toes) Was used to servo-control a cooling blanket
system;® (iv) total body cooling where rectal temperature (T.c) was targeted
using manual control with a cooling blanket system:* © *° (v) manual method
of total body cooling using refrigerated cool packs for additional cooling

where T,ec Was monitored by staff to achieve a target range.®

As brain cooling is important, do systemic temperat ures reflect brain

temperature?

Animal studies showed that brain cooling for approximately 72 hours was the
basis for hypothermia treatment.*®%? Therefore brain temperature should be
the parameter that is monitored during hypothermia treatment in human
neonates because using body temperature from a core site in a neonate may

not reflect brain temperature.



The assumption that core temperature measurement sites reflect brain
temperature was derived from animal studies that involved inducing HIE in
piglets followed by a period of mild therapeutic hypothermia.®?* Shankaran
et al measured brain temperature in piglets at 2 cm depth along with Tyes and
reported that Tees Was a valid marker of deep brain temperature with a mean

(+SD) brain to oesophageal temperature difference of -0.1 (+0.3)°C.=

Human adult and animal studies suggested proxies fo r brain

temperature. Are they applicable to neonates requir  ing brain cooling?

Adult human studies have compared brain temperature to various ‘core’ body
sites and showed that brain temperature was higher than other core body
sites.?*** However the methods used in these studies varied and
measurements may not have been made during stable environmental
conditions.?® 33337 Assumptions were made that a steady offset
temperature exists and could be used to derive brain temperature from a

particular core measurement site.>*

Thermoregulation in the human neonate may be different to animals as well
as human adults and children, because neonates lack an adequate ability to
generate heat from shivering in response to cold exposure.*® Instead,
neonates are reported to activate brown adipose tissues (BAT) to generate
heat when they are cold which has been termed non-shivering
thermogenesis (NST).***° Several authors reported that piglets do not have
BAT and instead use huddling and shivering to generate heat.** *2
Considering that piglets, human children and adults use shivering to generate
heat, thermoregulatory mechanisms used in human neonates appear
markedly different and may exhibit different thermal responses at various
body sites. Therefore, brain temperature proxies that are used in animals,

human children and adults may not be applicable in neonates.

To date, no study has compared direct brain temperature measurement in
neonates to another body site. As a result, there is no evidence that a
suitable proxy exists for brain temperature measurement in human

newborns.



1.2 THESIS OBJECTIVES

This thesis explores how two core body temperatures in the newborn human
neonate may relate to brain temperature. How do rectal and lower
oesophageal temperatures behave and compare in neonates? Are body core
sites likely to reflect brain temperature? What are the factors that influence
core body temperatures? Do a neonates’ adaptive responses to hypothermia
alter rectal and lower oesophageal temperatures? Answers to these
questions will allow a greater understanding of therapeutic hypothermia and
its application to the treatment of neonatal HIE.

The literature review in Chapter 2 discusses current concepts of therapeutic
hypothermia following birth asphyxia in human neonates. The review
includes what is known about how body core sites relate to brain temperature
as well as clinical aspects of thermoregulation in the newborn human
neonate and how they respond to cold stress. The literature review
concludes with a synthesis of what is known in relation to brain temperature
and thermoregulatory responses during hypothermia and presents a rationale

for the thesis that includes hypotheses to be tested.

Chapters 3 and 4 then review biomedical engineering aspects of the
measurement of temperature and oxygen consumption that are fundamental
to subsequent experimental designs. These two chapters also detail methods
and equipment used to sense and record temperatures and to measure

oxygen consumption.

The first hypothesis tested is that brown adipose tissue (BAT) thermogenesis
is active during whole body cooling. A defence of core temperature via
activation of BAT as a normal thermoregulatory response may influence the
effectiveness of whole body cooling in lowering brain temperature. In
Chapters 5 and 6 studies in normothermic babies detail the development of a
method for monitoring putative BAT activity using inter-scapular skin
temperature and comparing this to lower oesophageal temperature. The
hypothesis is tested in Chapter 8 in an observational study of neonates with

HIE receiving whole body cooling.



BAT activity may have a greater influence on central core temperature
(reflected by oesophageal temperature) than rectal core due to the anatomical
distribution of BAT. The second hypothesis is therefore that BAT activity
influences Toes More than Ty, and this is examined in Chapter 8.

Thirdly, if BAT activity has a significant influence on oesophageal temperature
then rectal temperature is not likely to reflect oesophageal temperature during

hypothermia. This hypothesis is tested in Chapters 7 and 8.

The relationship between BAT activity and neuroprotection from hypothermia is

addressed in this thesis by the fourth hypothesis that BAT activity is associated

with brain injury. This can be alternatively stated as BAT activity counteracts the
neuroprotective properties of whole body cooling. This hypothesis is tested in

Chapter 9 in a study of MRI brain abnormalities after HIE.

In the concluding Chapter (Chapter 10), the limitations of the data, and
implications of the results to clinical practice are discussed, and future research

directions are proposed.



CHAPTER TWO
2 LITERATURE REVIEW

2.1 RATIONALE FOR THERAPEUTIC COOLING, MEASUREMENT
OF CORE AND BODY TEMPERATURES ALONG WITH
ADAPTIVE RESPONSE OF NEONATES TO COLD STRESS

HIE following perinatal asphyxia contributes significantly to neonatal mortality

and morbidity including long-term neurodevelopmental sequelae in up to

25%-60% of survivors.”® HIE is estimated to occur in 2.5 out of every 1000

term births in high-income countries and can be ten times higher in less

affluent countries.** *> Worldwide, approximately a quarter of all neonatal
deaths are attributed to perinatal asphyxia, which is a leading cause of HIE.*®

The HIE neonates analysed in these studies can be divided into three major

categories: (i) neonates with mild encephalopathy who do not have an

increased risk of motor or cognitive deficits; (ii) neonates with moderate
encephalopathy who are more likely to suffer death or survive with severe
impairments with other significant deficits such as memory impairment, visual
motor or visual perceptive dysfunction, increased hyperactivity and delayed
school readiness;*" *® (iii) neonates with persistent severe encephalopathy
who have a high risk of death, increased risk of cerebral palsy and mental

retardation.!

Gunn et al noted that after the primary phase of brain damage during
asphyxia, cerebral metabolism may initially recover in a latent phase but then
deteriorate in a secondary phase of brain injury 6 to 15 hours later.> Animal
studies have shown that undertaking mild to moderate hypothermia within 30
minutes after a controlled HIE event is neuro-protective. ¢ 17 1949 whjle
establishing therapeutic brain cooling shortly after cerebral ischemia showed
potential for neuronal rescue, this short length of time (30 min) before
treatment may not be possible to achieve with human newborns in clinical
practice. Gunn et al were aware of this and presented evidence in foetal
sheep that prolonged cerebral cooling, starting 5.5 hours after cerebral

ischemia was associated with significant neuronal rescue.?

Several authors speculated that lowering brain temperature for 48 to 72
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hours in HIE human neonates, could produce a similar outcome.? ***

This led to five published pilot studies that investigated hypothermic

therapy in HIE human neonates.> & 1#14

2.1.1 Pilot studies of cerebral cooling in human newborn S

Five pilot studies were conducted on HIE human neonates to investigate the
practicability and safety of hypothermia therapy as a potential for neuronal
rescue. Although the methods used in each study were different their

conclusions were similar. Further details are explored with these pilot studies.

2.1.1.1 Pilot study 1

Gunn, A.J., Gluckman, P.D., and Gunn, T.R., Selective head cooling in
newborn infants after perinatal asphyxia: a safety study. Pediatrics, 1998.
102(4 Pt 1): p. 885-92

Gunn et al experimented with selective head cooling on HIE foetal lambs and
found that selective head cooling offered potential for neuronal rescue.*® %°
Gunn et al then carried out selective head cooling on human HIE neonates
for 72 hours and chose selective head cooling as a way to avoid potential
side effects associated with systemic hypothermia.? They randomly assigned
22 HIE neonates to one of three groups; no cooling (n=10), selective head
cooling with minimal systemic hypothermia (n=6) or selective head cooling
with mild systemic hypothermia (n=6). The two hypothermia groups
commenced cooling within 2 to 5 hours after birth. Head cooling was
achieved by circulating water at 10°C (to avoid skin damage) through a coil
of clear silicone tubing wrapped around the head. All neonates were warmed
by overhead radiant heaters to maintain a target rectal temperature (Trec).
The T targets for two hypothermia groups were a minimal systemic cooling
target T Of 36.3°C, and a mild systemic cooling target T of 35.7°C. The
non-cooling (or normothermia) group had a target T,ec of 37°C.2

The authors commented that while selective head cooling was used,
exposed skin was kept warm from an overhead radiant warmer to reduce non
shivering thermogenesis (NST).? If NST is not reduced, then it would warm
the brain and increase oxygen consumption and be counterproductive. Gunn

et al 1998 mentioned that intra-cerebral temperatures were not measured
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and that nasopharyngeal temperature is a common alternative used in some
infant and adult studies. Nasopharyngeal temperatures are known to
correlate well with jugular venous blood temperature with intubated adults®
and so the authors added nasopharyngeal temperature to their observations.
Nasopharyngeal temperature was reported cooler than T, by 1.2°C during
cooling in the mild systemic cooled group.? The authors discounted
nasopharyngeal temperature readings due to concern that ventilatory gas

temperature may affect nasopharyngeal temperature.?

Gunn et al 1998 concluded that selective head cooling combined with mild
systemic hypothermia in term neonates after perinatal asphyxia was a
practical method of quickly reducing cerebral temperature with an increased
gradient between the surface of the scalp and core temperature.” While this
is likely to leave predominantly cool superficial brain tissue, the authors
decided that selective head cooling would avoid potential adverse effects
associated with deeper systemic hypothermia. Further studies of selective
head cooling were recommended to establish efficacy before hypothermia

was considered for clinical practice.?

Achieving a stable T in this study appeared difficult based on graphical
results which showed considerable variability in the mean and standard

deviation (SD) of T, with each of the 3 groups of neonates.?

2.1.1.2 Pilot study 2

Azzopardi, D.V., et al., Moderate hypothermia to treat perinatal asphyxial
encephalopathy. N Engl J Med, 2009. 361(14): p. 1349-58

Azzopardi et al in 2000 investigated the feasibility of quickly selecting
potential HIE neonates with a poor neurological prognosis using amplitude
integrated electro-encephalographic monitoring (aEEG) and beginning
hypothermic therapy within 6 hours of birth (n =16).* Instead of using
selective head cooling, the authors chose whole body cooling as cooling
machines were available and they were uncertain whether head cooling
lowered deep brain temperature effectively. A target core temperature was
set between 33-34°C (Te), but for a shorter cooling duration (48 hours)

compared to the study of Gunn et al (72 hours).*? A form of active cooling
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blew cool air over the neonate and the cool air temperature was manually

adjusted to keep Tyec Within the target range.?

Although the authors reported a mean T of 33.2 £0.06°C during cooling,
the temperature range of T, of 10 neonates, shown graphically in the paper
was between 32 and 34.5°C for most of the 24 hours, which reflects
substantial T variability. The authors stated that “direct measurement of
brain temperature was too invasive for routine clinical use” and chose T as
a less invasive surrogate for brain temperature. The authors also cited
Schwab et al 1998 and Mellergard et al 1992, stating that “studies in adults
found close correlation between core temperature and direct measurements
of brain temperature during mild hypothermia”.*?

However, the references quoted do not support the statement of Azzopardi et
al in this paper. Schwab et al 1998 measured bladder temperature (Tpiadder)
not Trec, tO indicate core temperature in neuro critical care adults receiving
moderate total body cooling to lower intra cranial pressure after severe acute
stroke.'? Schwab et al stated that “the brain temperatures of all 25 patients
were consistently higher than body-core temperatures, confirming previous
data that showed a significant gradient between body-core and brain
temperatures in neurotrauma patients”.”* Although Schwab et al did not
indicate how often temperature measurements were made, they did measure
intra-parenchymatous brain temperature and reported a mean (range)
temperature difference between brain and bladder of 0.3 (-0.3 to 1.0)°C
during cooling. While mean brain temperature was only 0.3°C above Tpjadder,
a -0.3 to 1.0°C temperature range is large and does not indicate that bladder
temperature is necessarily a good indicator of brain temperature.>*
Furthermore, Maxton et al compared Tpjagder and Trec t0 pulmonary artery
blood temperature, a ‘gold standard’ core temperature site, in cooled children
after cardiac surgery and reported that Tpjaqder provided a suitable indication
of core temperature measurement (Tcore) and that Tec Was not a suitable

measure for Teore.>

Mellergard et al compared T to ventricular brain temperature in

neurosurgical intensive care adult patients where they tried to lower brain
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temperature and measure the effectiveness of different brain cooling
methods.>® The authors developed a novel method of continuous brain
temperature monitoring in the brain ventricle in conjunction with intra-cerebral
pressure monitoring. Although Mellergard et al measured brain temperature
and T, No results were presented other than graphs from some typical
subjects. The graphs showed approximately hourly intervals of T,
ventricular and sometimes epidural brain temperature that graphically
showed considerable variability over time and between each site.>®

However, the majority of patients were febrile and as a result the data are

not applicable to the clinical context of hypothermia in neonates.

In the pilot study of Azzopardi et al, as with Gunn et al, nasopharyngeal
temperature was also observed. However, nasopharyngeal temperature was
not used to direct cooling as they were concerned that airway gas
temperature could potentially influence nasopharyngeal temperature.

The authors also measured tympanic temperature but decided not to use

it as they reported that tympanic temperatures were consistently lower than
Trec (-0.49°C) and they were concerned that some of the cooling air used to

cool the body could influence tympanic temperature.*?

Azzopardi et al found that amplitude integrated electro-encephalography
(aEEG) criteria were a useful enrolment tool to predict a high probability of
death or morbidity in a short enough time to commence hypoth