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Abstract

In order to develop more effective ways of identifying, managing, and treating preterm asphyxial brain
injury, stable experimental models are essential. The present review describes the key experimental factors
that determine the pattern and severity of brain injury in chronically instrumented fetal sheep, including the
depth (“severity”) and duration of asphyxia, and the maturity, and condition of the fetus. These models are
valuable to dissect the pathogenesis of key clinical patterns of brain injury in a stable thermal and
biochemical environment, and to test therapeutic interventions.
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1 Introduction

Premature birth is one of the leading causes of morbidity and
mortality. Around 6-13 % of all births are preterm [1]. Preterm
survivors have a high risk of neurobehavioral disturbances and
intellectual disabilities related to learning, cognition, visuospatial
integration, attention deficit, and socialization [2—4]. Early imag-
ing and postmortem data suggest that cerebral injury in preterm
infants occurs in the immediate perinatal period in approximately
two thirds of cases, while an appreciable number of cases occur
before the onset of labor; in contrast, injury after the early neonatal
period represents only approximately 10 % of cases [5, 6]. Consis-
tent with this, acute EEG abnormalities are reported in the early
perinatal period in the majority of infants and are highly predictive
of long-term outcome [7]. The precise etiology of injury remains
surprisingly unclear; however, it is highly likely to involve both
hypoxia-ischemia and infection/inflammation [8].

David W. Walker (ed.), Prenatal and Postnatal Determinants of Development, Neuromethods, vol. 109,
DOI 10.1007/978-1-4939-3014-2_16, © Springer Science+Business Media New York 2016

327



328 Lotte G. van den Heuij et al.

1.1 What Initiates
Neuronal Injury?

Acute neonatal encephalopathy associated with asphyxia
remains a significant cause of death and long-term disability at all
ages [9]. Early onset neonatal encephalopathy is highly associated
with evidence of asphyxia as shown by non-reassuring fetal heart
rate tracings and severe metabolic acidosis on umbilical cord blood
[10, 11], with acute brain lesions on magnetic resonance imaging,
and ultimately with subsequent neurodevelopmental impairment
[12]. In term infants, large clinical trials have established that mild
brain cooling significantly reduces cerebral palsy and improves
survival without disability at 18 months of age after acute
hypoxic-ischemic encephalopathy [13]. However, therapeutic
hypothermia is only partially protective, such that nearly half of
affected babies still die or survive with disability despite treatment.
Moreover, it is effective only within a relatively limited window of
time, and current protocols may not be appropriate for preterm
infants. There is a strong historical link between mild hypothermia
and increased mortality in preterm newborns [14], and recently a
phase 1 trial of cooling for preterm infants was stopped by the US
Food and Drug Administration because of potential concerns
about intracerebral hemorrhage. Thus, it is vital to find specific
treatments for brain injury in the preterm brain.

Many drugs have been shown to be neuroprotective in neonatal
rodent models; however, none have yet shown clinical improve-
ment [15]. In order to translate promising treatments, it is essential
to validate them in large animal translational models before consid-
ering clinical trials. Such models are also useful to help understand
the many factors that affect outcome from an event, including the
fetal sex, weight, and degree of hypotension.

Before discussing the experimental approach, it is helpful to reflect
on the triggers of asphyxial injury to the brain and other organs.
Fundamentally, injury requires a period of insufficient oxygen and
substrate delivery (glucose and other substances such as lactate)
such that neurons (and glia) cannot maintain internal homeostasis
and become depolarized [16]. At least broadly, the extent of injury
is related to the duration of tissue depolarization [17]. Since organ
perfusion is essential for maintaining oxygen and substrate delivery
to tissues, not surprisingly, there is now considerable evidence to
suggest that brain perfusion is the key factor that determines
whether or not neural injury occurs after severe hypoxia/asphyxia
[18-20]. Conversely, it is critical to appreciate that the fetus can
fully adapt to mild to moderate reductions in oxygen tension
without injury, from normal values of greater than 20 mmHg
down to 10-12 mmHg [21]. Thus, in general, hypotension during
a severe hypoxic challenge is a central requirement to reliably
induce asphyxial neural injury.

Compression of the umbilical cord due to knots or entangle-
ments of the cord or prolapse after rupture of the amniotic
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membranes in labor are known potential causes of fetal asphyxia.
Further, if amniotic fluid is reduced, e.g., in the growth retarded
fetus, or lost after rupture of the amniotic membranes in an early
stage of labor, or even worse, if the cord becomes trapped in the
birth canal, physiologic uterine contractions can compress the
umbilical cord between the fetus and uterine wall, giving rise to
fetal hypoxemia, anaerobic glycolysis, and acidemia, with repeated
or fixed deceleration of the fetal heart rate [22]. In view of these
considerations, the present review focuses on induction of severe
asphyxia using umbilical cord occlusion in preterm fetal sheep.

The species that is chosen for experimental studies must be appro-
priate to the scientific question. Rodent models are relatively cheap,
and have an extensive repertoire of behavioral tests and molecular
probes. However, such lissencephalic small animal species, with
relatively small white matter tracts, are very unsatisfactory for stud-
ies of white matter injury and subsequent impaired cortical devel-
opment. The absence of'a gyral structure distorts the distribution of
injury and makes it impossible to assess effects on cortical complex-
ity. In contrast, the gyrencephalic structure of the fetal sheep brain,
with large white matter volumes, is highly advantageous for studies
of intracerebral white matter injury. No other experimental para-
digms have so clearly mimicked the common pathological finding
of diffuse white matter injury, with subcortical neural damage, as
well as the model of asphyxia in the preterm fetal sheep [23, 24].
Equally important, the larger size of the fetal sheep enables inten-
sive physiological, cerebrovascular and electrophysiological moni-
toring, which are not possible in newborn rodents. The relatively
large size of the sheep fetus enables extensive implantation of
instrumentation to allow continuous measurement of fetal heart
rate, blood pressure (arterial and venous) [25], behavior (body
movements) [26], blood flow to the brain and periphery and
brain metabolism [27], intracerebral oxygenation as measured by
near infrared spectroscopy [24], sympathetic activity, temperature
[23, 28], and more. Catheters in the ewe and fetus also allow access
for blood sampling, treatments and euthanasia. This comprehen-
sive approach permits a significant physiological assessment of mul-
tiple organ systems in utero in a stable environment, without the
confounding effects of anesthesia, ventilation, and changes in
temperature.

2 Materials

2.1 Experimental
Population and
Procedures

Many potentially suitable breeds of sheep are available, although
there is little information on whether this affects responses to
asphyxia. For reference, our studies are currently conducted using
pregnant Romney ewes, time-mated with Suffolk rams at
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2.2 Experimental
Procedures

2.2.1 Complete
Occlusion of the Umbilical
Cord

2.2.2 Phases of Fetal
Adaptation to Umbilical
Cord Occlusion

approximately 3—4 years of age. This breed has a typical gestational
period of 145-147 days.

Sheep are highly precocial. Neural development of the fetal
sheep at 0.8-0.85 of gestation is broadly similar to the full-term
human infant [29, 30], while the 0.7 gestation fetus is broadly
equivalent to the late preterm infant at 30-34 weeks, before the
onset of cortical myelination, and at 0.6 gestation the sheep fetus is
similar to the 26-28 week gestation human infant.

Experimentation should be begun 3-5 days after surgical
instrumentation to allow fetal stress responses to resolve and for
normal behavior to return. Ideally, all physiological data should be
recorded continuously from 24 h or more before study and
continued until the end of the study. Even if this is not possible, it
is absolutely essential to display continuous ECG and blood pres-
sure measurements during and immediately after umbilical cord
occlusion to assess the onset and rate of fall of fetal blood pressure
and to detect cardiac arrhythmias.

Complete compression of the umbilical cord is performed by inflat-
ing the occluder with a volume known to completely occlude the
umbilical cord. This may be verified in pilot experiments with a
Transonic flow probe placed around an umbilical vein [31]. Prag-
matically, successful complete occlusion is can be routinely con-
firmed by rapid onset of fetal bradycardia and arterial hypertension,
within the first minute. Blood composition measurements are taken
at standard time points to assess fetal condition. Upon completion
of the occlusion protocol the occluder is deflated. It is unknown
whether rapid deflation of the occluder has any material effect
on fetal recovery compared for example with controlled deflation
over 10 s.

The total duration of occlusion required to induce hypotension
and neural injury is a function of maturity, and may need to be fine-
tuned in different settings or with different breeds of sheep. For
reference, in our studies we found that the optimal durations of
near-terminal single periods of complete occlusion were as follows:
30 min at 0.6 gestation [26, 31], 25 min at 0.7 gestation [27, 32,
33], and 15 min at 0.85 gestation [ 34-36].

As shown in Fig. 1, distinct phases of fetal adaptation may be clearly
distinguished. There is an initial vagally mediated bradycardia, and
an increase in mean arterial blood pressure, associated with intense
peripheral vasoconstriction (the “compensation” phase). At this
time carotid blood flow is maintained at around baseline values by
vasoconstriction (Fig. 2), in contrast with an increase cerebral
blood flow during moderate hypoxia [21]. During this phase
EEG activity is profoundly suppressed [25, 31, 37], reducing met-
abolic demand. Microsphere studies in term fetal sheep have shown
that although total brain flow does not change in this initial phase,
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Fig. 1 Cardiovascular responses to prolonged umbilical cord occlusion in fetal sheep at 0.6, 0.7, or 0.85
gestation. Fetal heart rate (FHR, bpm, fop panel), femoral blood flow (FBF, ml/min, second panel) and mean
arterial pressure (MAP, mmHg, bottom panel) data represent 5 min averages before asphyxia, and 1 min
averages during asphyxia and are expressed as percentages of baseline. The period of umbilical cord
occlusion for each group starts at time zero; recovery data are not shown. Data are mean & SE. Data
modified from Wassink et al. [25]

fetal blood flow is redistributed within the brain, away from the
cerebrum and choroid plexus, towards the brain stem [38].

As asphyxia continues these compensatory responses are atte-
nuated (Figs. 1 and 2). There is a progressive fall in heart rate as
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Fig. 2 Data before, during and after 15 min of complete umbilical cord occlusion in 0.7 gestation fetal sheep.
1 min averages 4 SEM. The fop panel shows time sequence changes in mean arterial blood pressure (MAP
(filled circle, left axis)) and femoral blood flow (FBF (filled square, right axis)), the middle panel shows MAP
(filled circle, left axis) and carotid blood flow (CaBF (filled square, right axis)) and the bottom panel shows
carotid blood flow (filled square, left axis) and carotid vascular resistance (CaVR (filled triangle, right axis)). The
asphyxial period is broken into three phases: compensation (1), the start of decompensation (2), with pressure
passive blood flow, and the final stages of decompensation (3), where the fall in blood pressure is slowed by
increased central and peripheral vascular resistance, which in turn leads to further compromised brain and
peripheral organ perfusion

cardiac function becomes impaired secondary to hypoxia, acidosis,
depletion of myocardial glycogen, and cardiomyocyte injury
(Fig. 1) [39]. Peripheral vasoconstriction, which had functioned
to maintain blood pressure in the face of the profound
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bradycardia, is lost with partial or near complete vasodilatation
occurring depending on the vascular bed in question (Figs. 1
and 2) [25, 40]. Recent telemetry studies of renal sympathetic
nerve activity show that failure to maintain vascular resistance is at
least in part related to a failure to maintain neural control of
peripheral vascular tone [41].

Once MAP falls below baseline in a so-called “decompensa-
tion” phase [22, 25, 401, cerebral perfusion falls in parallel, consis-
tent with the known relatively narrow low range of autoregulation
of cerebral blood flow in the fetus (Fig. 2) [42]. This loss of
autoregulation has been proposed to be a key factor mediating
injury, particularly in preterm infants [40]. However, experimental
data show that loss of peripheral vascular resistance is not complete.
As Fig. 2 shows, in preterm fetal sheep, peripheral vasoconstriction
begins to be attenuated around 4-5 min of asphyxia, in association
with a progressive fall in arterial blood pressure. Cerebral perfusion
falls below baseline values from around 7—8 min, and there is partial
restoration of peripheral perfusion that is greatest at 12 min
(Fig. 2). However, the precipitous fall in blood pressure is attenu-
ated through by stabilisation of the cerebral and peripheral vascular
resistance at baseline values from around 12 min. The effect of this
shown by slowing of the fall in blood pressure after about 15 min,
such that perfusion no longer mirrors the fall in pressure.

The observation that the preterm fetus is able to partially
maintain vascular resistance throughout prolonged complete
umbilical cord occlusion [25], argues that total loss of autoregula-
tor control is not required for injury. Further research is required to
define the role of autoregulation in the processes mediating injury.
The redistribution of blood flow to the brainstem is likely progres-
sively lost, although this has not been extensively quantified for the
term or preterm fetus. Given that the preterm fetus can survive
asphyxia for longer and is thus exposed to a greater period of
hypoperfusion, this likely underpins injury to brainstem regions
[26,43].

Prolonged periods of partial asphyxia in utero can be produced by
partial compression of the umbilical cord. Partial cord compression
for 90 min induced severe asphyxial insults in near-term fetal sheep
[44], similar in nature to those following uterine hypoperfusion
[45] except for some relatively minor haemodynamic differences,
followed by delayed development of seizures. Although this
approach might seem to be less controllable than occlusion of the
uterine blood supply, in practice it is easy to vary the degree of
occlusion, and umbilical venous flow can be measured directly with
an ultrasonic flow probe. Both methods produce similar levels of
asphyxia and evidence of encephalopathy with typically relatively
variable neural injury [44, 46].
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3 Technical Notes

Umbilical cord occlusion is a very simple experimental technique.
The most common experimental problem is failure to recovery after
release of occlusion. In term fetuses, moderate insults, such as
10 min of complete umbilical cord occlusion in the near-term
fetal sheep, are associated with little risk of mortality in healthy
fetuses, who then go on to develop selective neuronal loss [37,47].
In contrast, more prolonged, complete occlusion is intrinsically
associated with the development of severe hypotension [25, 35,
36,48].

Successtul recovery from complete occlusion is confirmed by a
rapid, overshoot increase of FHR and MAP. If bradycardia persists
for more than 30 s or blood pressure does not increase to over 50 %
of baseline in the first 60 s after release of occlusion then a dose of
epinephrine (0.1 ml/kg estimated weight, 1:10,000 epinephrine)
should be given to the fetus via the brachial vein by slow i.v. push.
Even before this stage, fetal cardiovascular status can sometimes be
stimulated using a non-pharmaceutical method of making the ewe
move abruptly, by nudging or generally touching her flank or back
for example. This can have the effect of promoting a changing fetal
position and rapidly improving fetal perfusion. More often than
not, this facilitates resuscitation such that epinephrine may not be
required.

Fetal death may be associated either with asystole or with more
rapid onset of hypotension as previously described [26, 49 ]. Fortu-
nately, because hypotension develops progressively, it is possible to
identify warning signs such as more rapid fall in blood pressure, or
marked blood pressure or heart rate instability before it becomes
terminal by continuously monitoring fetal arterial blood pressure.
If the goal of the study is to test post-insult treatment it may be
reasonable to stop occlusion a little earlier (1-2 min) in such cases
to avoid cardiac death, provided that the experimenters use consis-
tent criteria and robustly randomize all fetuses between groups
before occlusion.

Examples of such criteria are the level to which blood pressure
falls beyond which the fetus is seldom able to reestablish perfusion.
In the preterm, 0.7 gestation fetus, for example, our experience
suggests it is appropriate to stop occlusion when mean arterial
blood pressure falls from baseline values of 35-40 mmHg down
to a cut-off level of 8 mmHg or below. Equally, occlusion should
stop if there is fetal asystole or arrhythmia. Even before this point,
we observed that fetuses that reached mean arterial blood pressure
below 15 mmHg by 15 min of occlusion reached the terminal cut-
oft blood pressure before 25 min, thus giving the experimenter
early warning of impending problems [49].
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4 Determinants of Qutcome

4.1 Sensitisation and
Tolerance to Injury

It is widely speculated that adverse conditions such preexisting
hypoxia and infection may impair the ability of the fetus to mount
an effective defense response to hypoxia and render neurons and
glia more sensitive to hypoxia [50]. The most common metabolic
disturbance to the fetus is intrauterine growth retardation (IUGR)
associated with placental dysfunction. Indeed, mild maternal
undernutrition that does not alter fetal growth may still affect
development of the fetal hypothalamic—pituitary—adrenal function,
with reduced pituitary and adrenal responsiveness to moderate
hypoxia [51]. Clinically, overt IUGR is usually associated with a
greater risk of brain injury, albeit the risks have fallen over time
[10]. Consistent with this observation, chronically hypoxic fetuses
from multiple pregnancies developed much more severe, progres-
sive metabolic acidosis than previously normoxic fetuses during
brief (1 min) umbilical cord occlusions repeated every 5 min (pH
7.07 £ 0.14 vs. 7.34 £ 0.07) and hypotension (a nadir of 24 + 2
mmHg vs. 45.5 £ 3 mmHg after 4 h of repeated occlusion) [52].
Fetuses with preexisting hypoxia were smaller on average, and had
lower blood glucose values and higher PaCO, values. Similarly, in
normally grown fetuses, 5 days of induced chronic hypoxemia was
associated with increased striatal damage after acute exposure to
repeated umbilical cord occlusion for 5 min every 30 min for a total
of four occlusions [53]. Together, these data support the clinical
concept that fetuses with chronic placental insufficiency are vulner-
able even to relatively infrequent periods of brief asphyxia in early
labor. However, under some circumstances at least, this appears not
to be the case. In spontaneously hypoxic fetuses, we have observed,
for example, that the initial chemoreflex response to asphyxia
induced by umbilical cord occlusion is enhanced [48].

Exposure to the endotoxin lipopolysaccharide (LPS) can cause
neural injury [54-56]. We have recently shown, rather intriguingly,
that exposure to asphyxia after 4 days of chronic LPS exposure
actually reduced white matter injury in the preterm fetal sheep
[56]. However, timing between insults is important. Studies in
newborn rats have shown a single injection of LPS (which does
not normally cause injury) given within 6 h or more than 72 h
before an hypoxic-ischemic insult (carotid artery ligation plus hyp-
oxia) increases neural injury [57, 58]. In contrast, injection of LPS
at intermediate times such as 24 h before hypoxia-ischemia reduced
subsequent neural injury, i.e., preconditioned the brain [58]. The
critical effect of timing suggests that LPS exposure protection
requires transcriptional changes. For example, a recent study sug-
gests that the transcription factor nuclear factor E2-related factor 2,
and the transcription cofactor, peroxisome proliferator-activated
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4.2 Brain Maturity

4.2.1 The Effect of
Fetal sex

receptor-y coactivator la play a key role in mediating LPS induced
neuroprotection in the neonatal rat [59].

Maturation of the brain and body have dramatic and underappreci-
ated effects on cardiac and neural sensitivity to asphyxia [25, 26,
60]. Boyle’s experiments with Hooke and others in the seventeenth
century, elegantly demonstrated that younger animals have much
greater tolerance to hypoxia [61]. Extensive work by perinatal
scientists such as Dawes, Mott, and Heather in the 1950s and
1960s demonstrated that anaerobic capacity during fetal life under-
pinned greater fetal tolerance to hypoxia. We and others have
shown that the younger the fetus, the greater the tolerance to
hypoxia [62]. For example, the premature sheep fetus at 90 days
gestation (term is 147 days), prior to the onset of cortical myelina-
tion, can tolerate extended periods of up to 20 min of umbilical
cord occlusion without neuronal loss [26, 31, 60]. As Fig. 1
demonstrates, the initial adaptation to severe hypoxia, is consistent
at all ages, but the critical difference is that the preterm fetus can
keep its heart going for longer and thus, the younger the fetus, the
longer the survival time.

This is consistent with the observation by Shelley that cardiac
glycogen peaks during preterm-equivalent life in a wide variety of
mammalian species [63]. In the fetal sheep for example, at 0.6
gestation the majority of fetuses survived up to 30 min of complete
umbilical cord occlusion and did not require resuscitation with
epinephrine and did not develop cardiac injury at 3 days post-insult
[31]. In contrast, near-term fetuses can tolerate 10-12 min, typically
without requiring resuscitation [ 64 ]. A near-terminal insult is around
15-18 min, with most fetuses requiring resuscitation, and showing
subsequent severe cardiac dysfunction [25, 35, 39, 65, 66].

Ciritically, as a consequence of this extended survival during
severe asphyxia, the premature fetus is exposed to extremely pro-
longed and profound hypotension and hypoperfusion. At 0.6 ges-
tation, for example, no injury occurs after 20 min of complete
umbilical cord occlusion even though hypotension is already pres-
ent (Fig. 1) [26, 60], but severe subcortical injury occurs if the
occlusion is continued for 30 min [26]. Speculatively, there may be
failure of redistribution of blood flow within the fetal brain during
the phase of severe hypotension, which places previously protected
areas of the brain such as the brainstem at risk of injury [67].

Numerous studies have confirmed that there is an increased risk of
perinatal mortality and morbidity in boys compared to girls at all
stages of gestation [68]. The mechanisms mediating the influence
of gender on perinatal death and disability are poorly understood
and likely to be multifactorial. There is increasing evidence in the
developing brain that estradiol may play a neuroprotective role
[69]. There is evidence of sex-related differences in the pathways
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leading to apoptosis [70], and in cell sensitivity to excitotoxins
[70, 71]. Recent data in human infants shows sex-related differ-
ences in the CSF levels of IL-8 and antioxidants after asphyxia, with
higher levels in newborn females that may contribute to the greater
vulnerability to brain injury in males than females [72].

There are also data that male fetuses may be less able to adapt to
hypoxic stress. Males fetuses have higher rates of abnormal fetal
heart rate recordings, metabolic acidosis, and need for operative
intervention or resuscitation in labor [73-77]. Male fetuses are on
average bigger, grow faster, and have a higher metabolic rate than
females [78, 79], suggesting that when oxygen is limited they
might deplete available resources more rapidly. Further, there is
evidence that males have relatively delayed maturation of some
aspects of autonomic nervous system function, such as for example,
adrenal medullary and lung beta-receptor maturation in fetal
rabbits [80]. Clinically, after exposure to asphyxia at birth preterm
boys are reported to have lower plasma catecholamine levels than
girls [81]. Moreover, data from pregnancies complicated by placen-
tal insufficiency before 34 weeks, showed that cardiac tropin levels
are significantly greater in male than female fetuses [82].

The sex of the fetus per se did not significantly alter the cardio-
vascular responses of healthy singleton preterm (0.7 gestation) fetal
sheep to an acute, profound asphyxial insult [49]. Neither the
average responses, nor the incidence or timing of failure to com-
plete the full period of umbilical cord occlusion were significantly
different between the sexes. However, overall, significantly more
male fetuses developed profound hypotension (<8 mmHg) before
the end of the occlusion period. Further, blood pressure at 15 min
correlated with fetal weight for male fetuses, but not female fetuses
suggesting a role for metabolic reserve in facilitating this capacity
[49]. These data further support the idea that metabolic substrate
availability has a greater impact on male fetuses.

The causes of failure to complete the full target duration of
occlusions differed markedly between male and female sheep
fetuses. These differences were associated in turn with changes
that suggest altered chemoreflex and cardiac responses between
the genders. The short-occlusion-males demonstrated slower and
reduced initial peripheral vasoconstriction compared with the full-
occlusion fetuses. This was followed by earlier and significantly
greater hypotension, associated with greater falls in heart rate and
carotid and femoral blood flow. In contrast, short-occlusion-
females showed a markedly more rapid onset of initial vasoconstric-
tion of the femoral bed, and subsequent falls in blood pressure and
heart rate that were intermediate between the full-occlusion fetuses
and short-occlusion-males. It is improbable that these differences
relate to placental function, since fetal body weight (measured
3 days after occlusion) and pH, blood gas, glucose and lactate
values before occlusion were not different between the groups.
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5 Final Conclusions

The experimental models outlined in this chapter will continue to
be developed and refined, aiming to mimic human pathophysiology
as closely as possible at the whole body level, while allowing the
factors contributing to the wide variability in outcomes observed
after perinatal asphyxia to be dissected. Both systemic and cerebral
factors are important in real life, and include respectively the deter-
minants of cardiovascular decompensation and factors that modu-
late the intrinsic vulnerability of the brain, such as environmental
temperature, metabolic status and expression of neurotrophic fac-
tors. In turn, these factors are highly likely to affect responses to
treatment. As the critical events which precipitate significant peri-
natal hypoxic-ischaemic encephalopathy are better understood, our
ability to identify and intervene in clinical asphyxia will also
improve.
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