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Obijective: To assess by Doppler echocardiography the effects of 24 hours of whole body mild hypo-
thermia compared with normothermia on cardiac output (CO), pulmonary artery pressure (PAP), and
the presence of a persistent ductus arteriosus (PDA) affer a global hypoxic-ischaemic insult in unsedated
newborn animals.

Design: Thirty five pigs (mean (SD) age 26.6 (12.1) hours and weight 1.6 (0.3) kg) were anaesthe-
tised with halothane, mechanically ventilated, and subjected to a 45 minute global hypoxic-ischaemic
insult. At the end of hypoxia, halothane was stopped; the pigs were randomised to either norma-
thermia (39°C) or hypothermia (35°C) for 24 hours. Rewarming was carried out for 24-30 hours
followed by 42 hours of normothermia. Unanaesthetised pigs were examined with a VingMed CFM
750 ultrasound scanner before and 3, 24, 30, and 48 hours after the hypoxic-ischaemic insult. Aortic
valve diameter, forward peak flow velocities across the four valves, and the occurrence of a PDA were
measured. Tricuspid regurgitation (TR) velocity was used to estimate the PAP. Stroke volume was calcu-
lated from the aortic flow.

Results: Twelve animals (seven normothermic, five hypothermic) had a PDA on one or more examina-
tions, which showed no association with cooling or severity of insult. There were no differences in
stroke volume or TR velocity between the hypothermic and normothermic animals at any time point after
the insult. CO was, however, 45% lower at the end of cooling in the subgroup of hypothermic pigs that
had received a severe insult compared with the pigs with mild and moderate insults. CO and TR veloc-
ity were transiently increased three hours after the insult: 0.38 (0.08) v 0.42 (0.08) litres/min/kg
(p = 0.007) for CO; 3.0 (0.42) v 3.4 (0.43) m/s (p < 0.0001) for TR velocity (values are mean (SD)).
Conclusions: The introduction of mild hypothermia while the pigs were unsedated did not affect the
incidence of PDA nor did it lead to any changes in MABP or PAP. Stroke volume was also unaffected
by temperature, but hypothermic piglets subjected to a severe hypoxic-ischaemic insult had reduced
CO because the heart rate was lower. Global hypoxia-ischaemia leads to similar transient increases in
CO and estimated PAP in unsedated normothermic and hypothermic pigs. There were no signs of
metabolic compromise in any subgroup, suggesting that 24 hours of mild hypothermia had no adverse
cardiovascular effect.

currently one of the most whether cooling affects the patency of the duct. Also

Mpromising clinically feasible “neural rescue therapies”
for full term infants with hypoxic-ischaemic
encephalopathy.' In cardiac surgery, severe to moderate
(20-32°C) hypothermia during the operation has been associ-
ated with adverse cardiovascular effects.” Less attention has
been given to the possible adverse physiological effects of
mild—that is, rectal temperature of 33-35°C—hypothermia.
Recently we showed that hypothermia after hypoxia in un-
sedated piglets increased cortisol levels significantly, and cor-
tisol is a good marker of stress in pigs.’ In our pilot study of
cardiovascular changes during cooling and rewarming,
involving nine unsedated infants with neonatal hypoxic-
ischaemic encephalopathy, we observed that mean arterial
blood pressure (MABP) increased by a median of 10 mm Hg
during the start of cooling and fell by a median of 8 mm Hg on
rewarming. Heart rate (HR) decreased by a median of 34
beats/min and increased by a median of 32 beats/min on
rewarming.*

The current knowledge on the effect of hypothermia on the
cardiovascular system has mostly been obtained from fully
anaesthetised or heavily sedated adult subjects. This differs
from the clinical practice in neonates who are often ventilated
with little or no sedation.” Neonates who are hypoxic after
birth may reopen their ductus arteriosus. We do not know

hypothermic neonates are thought to develop pulmonary
hypertension more easily. There are continuing clinical trials
of mild hypothermia (33-34°C core temperature) lasting for
72 hours in infants with severe hypoxic-ischaemic encepha-
lopathy. We therefore wanted to examine the effect of
temperature on cardiac output (CO), pulmonary artery
pressure (PAP), and the patency of the ductus arteriosus
(PDA) in the absence of anaesthesia after hypoxic-ischaemic
encephalopathy, in a newborn piglet model shown to develop
neurological and pathological changes similar to the human
baby.® Echocardiography is the main tool used in neonatal
intensive units today to study cardiovascular effects in
neonates as well as adults. We aimed to study the circulatory
consequences over time in an animal survival model that most
closely resembles the clinical setting with regard to manage-
ment and monitoring after a hypoxic-ischaemic insult.

Abbreviations: MABP, mean arterial blood pressure; HR, heart rate;
CO, cardiac output; PAP, pulmonary artery pressure; PDA, patient ductus
arteriosus; EEG, electroencephalogram; Fio,, fractional inspired oxygen;
TR, tricuspid regurgitation
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The combination of the physiological consequences of
hypoxia-ischaemia and the circulatory transition from the
fetus to the newborn state may well lead to a different
response in newborns compared with the anaesthetised adult
human. Therefore one cannot safely extrapolate from the
results obtained in anaesthetised adults undergoing therapeu-
tic hypothermia.

We have previously described a standardised method of two
dimensional Doppler echocardiography and the normal
ranges for cardiac functions in unsedated newborn pigs.” The
aim of the present study was also to assess by Doppler
echocardiography the effects on CO, PAP, and the presence of
PDA of 24 hours of mild hypothermia without sedation as
compared with normothermia, after a global hypoxic-
ischaemic insult in newborn piglets.

METHODS
The Norwegian Council for Animal Research approved the
study protocol. Thirty five Landrace newborn (where newborn
is defined as up to 48 hours of age) pigs (26.6 (12.1) hours old
weighing 1.6 (0.3) kg (mean (SD)) were included in the study,
and planned survival was 72 hours. They remained with the
sow until less than three hours before the experiment started.
Four pigs died prematurely from complications secondary to
the hypoxic-ischaemic insult: one from the hypothermic
group at 24-30 hours, and two from the hypothermic group
and one from the normothermic group at 30-48 hours.
Cardiovascular data obtained from these animals until they
died were included in the results.

The piglets were anaesthetised with halothane (3%
induction followed by 0.6-0.8% maintenance), intubated, and
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Figure 1 (A) Changes in and the effect of the severity of the
hypoxic-ischaemic insult (mild and moderate or severe) on heart rate
in the normothermic and hypothermic groups. There is a significant
reduction in hypothermic piglets with severe injury (*p < 0.05). (B)
Changes in and the effect of the severity of the hypoxic-ischaemic
insult (mild and moderate or severe) on stroke volume in the
normothermic and hypothermic groups. The stroke volume is
unchanged and similar in all groups. Values are mean (SEM).

pH, base excess (BE), cortisol levels, patent ductus arteriosus (PDA), and cardiovascular variables during the insult and at 24 hours in normothermic and hypothermic pigs

exposed to severe or mild and moderate hypoxic-ischaemic (HI) insult

Values are mean (SD). p Value is for severe v mild & moderate HI.

Duration of low amplitude EEG (minutes)
MABP, Mean arterial blood pressure.

Average MABP (mm Hg)
pH

MABP (mm Hg)

Cortisol (nmol/I)

HR (beats/min)
PDA

Table 1
BE (mmol/I)
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flow tracings. The same investigator performed all cardiac
examinations (DF) so that the data would not be subject to
interobserver variability. It was not possible to blind the
observer to treatment allocation of hypothermia. The record-
ings were stored on colour videotapes as well as black and
white paper prints for analysis, and the treatment allocation
was blinded on these. All ultrasound examinations were per-
formed while the pigs were unsedated. They were lying in a
left lateral, half supine position,” often held by an assistant.
The ultrasound examinations were performed before and
three hours, 24 hours (end of hypothermia), 30 hours (end of
rewarming), and 48 hours after the hypoxic-ischaemic insult.

From the low midcostal long and short axis views and a
right sided parasternal long axis view, the cardiac morphology,
the occurrence of a PDA, the aortic valve diameter, and the
forward peak velocities across the four valves were measured
using echocardiographs, Doppler ultrasound, and colour Dop-
pler as previously described.” The tricuspid regurgitation (TR)
peak velocity signal was manually traced for calculation of the
pressure gradient between the right ventricle and right atrium
(mm Hg). For this calculation, the in built program in the CFM
750 applies the modified Bernoulli’s equation.® Systolic PAP is
then equal to the systolic pressure difference calculated plus
the right atrial pressure.” The pressure in the right atrium is
commonly assumed to be about 2 mm Hg."” CO was calculated
from the stroke volume (average mean velocity across the aor-
tic root x vessel area) x HR. The aortic valve diameter of each
pig was measured at the first examination, and these values
were then used for all further calculations of the CO.

The cardiac morphology, aortic valve diameter, and the per-
sistence of a ductus arteriosus (by Doppler and colour flow)
were easily evaluated in all animals,” as well as the velocities
across the four valves and the CO. A full set of examinations of
the TR velocity was obtained in only 27 pigs because of tech-
nical difficulties. The eight piglets (four hypothermic, four
normothermic) not examined for TR velocity did not differ
from the 27 examined with respect to severity of insult or
MABP.

All measurements used in the final calculations for each pig
were the mean values, automatically calculated in the
machine, from three to five repeated selected sequential beats
regarded as good quality measurements. For descriptive
statistics, mean (SD) or median (total range) was used. For
comparison between or within groups, parametric or non-
parametric, unpaired or paired tests were used as appropriate.
p = 0.05 was regarded as significant (two sided testing).

RESULTS

Body weight, age, sex, rectal temperature, and cardiovascular
and biochemical variables at baseline were similar in the nor-
mothermic and hypothermic pigs. The characteristics of the
hypoxic-ischaemic insult (duration of low amplitude EEG,
average MABP, and end insult pH and base excess) were the
same in normothermic and hypothermic animals (table 1).
HR was significantly lower in the hypothermic piglets that had
received a severe insult (fig 1A). Cortisol levels did not depend
on the severity of the insult; however, they were fourfold
higher in the hypothermic than the normothermic piglets
(table 1). The occurrence of a PDA was low and no difference
was observed between the two conditions.

Table 2 presents measured and calculated cardiac variables
for the experimental pigs. There was no difference in any of
the variables between the normothermic and hypothermic
group. In fig 1 HR and stroke volume are displayed according
to the severity of the insult. In hypothermic pigs with a severe
insult (low amplitude EEG = 30 minutes), HR was signifi-
cantly lower at the end of hypothermia. The stroke volume was
the same in all groups and did not change over time.

All animals had normal atrial and ventricular arrangements
and connections. The hearts were structurally normal except
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Figure 3 Cardiac output in the hypothermic and normothermic
pigs throughout the experimental period. There is an increase from
baseline to three hours after the hypoxic-ischaemic insult followed by
a decrease between 3 hours and 24 hours. Values are mean (SEM).
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Figure 4 Time course of tricuspid regurgitation velocity. There is a
transient increase from baseline to three hours after the insult in both
normothermic and hypothermic animals. Values are mean (SEM).

in two pigs: one had a 5 mm atrial septal defect and one a
small muscular ventricular septal defect. Twelve animals
(seven normothermic, five hypothermic) had their ductus
arteriosus open on one or more examinations. The appearance
and duration of the open duct (fig 2) was similar in the two
groups. Five animals (three hypothermic and three normoth-
ermic) developed PDA at different times after the hypoxic-
ischaemic insult. Opening of the duct did not relate to whether
the animals were cooled or not or the severity of the insult
(table 1).

We found that CO had transiently (and similarly for
normothermic and hypothermic pigs) increased three hours
after the hypoxic-ischaemic insult: 0.38 (0.08) v 0.42 (0.08)
litres/min/kg, p = 0.007 (fig 3). There was a transient increase
(p < 0.0001) in PAP estimated from the TR peak velocity three
hours after the insult in all animals. From 24 hours onwards,
the values were no different from baseline (fig 4). A PDA did
not influence the PAP results.

DISCUSSION

In this study the animals were unsedated in the period after
hypoxia, which is normal clinical practice for newborn infants.
The hypothermic animals had high cortisol levels, and we have
interpreted this as a sign of stress because of lack of sedation.
Adults or children subjected to hypothermia during cardiac
surgery, or as neuroprotection, have always been anaesthe-
tised or sedated, and these patients invariably have reduced
HR. We only found a reduction in HR in the subgroup of
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hypothermic animals that were the most severely damaged.
These animals showed much less spontaneous activity than
those moderately damaged. The stroke volume was similar in
all groups and subgroups, therefore the observed reduction in
CO was solely due to the reduced HR. Also, as no acidosis or
hypotension was seen during hypothermia, CO was sufficient
for metabolic needs. Previous studies have found that mild
hypothermia (33-35°C) increased the stroke volume; however,
at temperatures < 32°C, the stroke volume and CO fell." Our
degree of cooling did not affect stroke volume.

To counteract hypothermia, healthy animals increase the
rate of thermogenesis by a variety of mechanisms. Children,
adults, and newborn animals without brown fat (such as the
piglet) respond by shivering and restlessness with increased
whole body oxygen consumption, cardiac contractility, and
CO.” * This cardiovascular response is abolished by anaesthe-
sia and heavy sedation. In full term newborn infants,
non-shivering thermogenesis (brown fat oxidation) is the
major route of a rapid increase in heat production in response
to cold exposure.” "’

In our study we evaluated CO and recorded MABP and HR.
We were not able to evaluate systemic vascular resistance or to
assess ventricular function. The reported changes in CO could
be due to changes in systemic vascular resistance, circulating
volume, ductal patency, or ventricular function. We found no
effect of ductal patency on CO or PAP Circulating blood
volume was not estimated, but we did not expect significant
changes in the normothermic and hypothermic groups to
occur when fluid treatment, haemoglobin, and blood sampling
protocols were identical in the two groups.

The echocardiographic examinations did not show any
morphological effects of hypothermia. That every third piglet
had a PDA during one or more examinations is normal
because piglets close their duct between 16 hours and five days
after birth."

Myocardial dysfunction, hypotension, and increased PAP
with persistent pulmonary hypertension are well known con-
sequences of hypoxic-ischaemic encephalopathy in the
neonate,” ' with a relation between low alveolar oxygen ten-
sion and increased pulmonary vascular resistance in both ani-
mals and humans."” These effects are found to be reversible for
insults of short duration, in contrast with chronic hypoxia."
The increase in PAP three hours after the insult reflects this
transient increase in pulmonary vascular resistance, which is
reversed with reoxygenation. We did not find in these piglets,
which all had normal lungs and were ventilated with air, that
24 hours of hypothermia prolonged this increase in PAP.

Generalised hypothermia has physiological effects on virtu-
ally every organ system. Important effects are a generalised
slowing of enzymatic activity and metabolic need.” Cardiovas-
cular responses to moderate hypothermia include peripheral
vasoconstriction,” sinus bradycardia with prolonged QT inter-
val (reduced HR), and a decrease in CO and ejection
fraction.”* In both animal experiments and human studies,
these effects are dependent on the degree and duration of the
hypothermia® *; all these findings are from anaesthetised or
sedated subjects. During mild hypothermia, however, there is
evidence of both increased” and reduced” contractility. We
found that the stroke volume did not change with mild hypo-
thermia, therefore changes in CO were fully explained by
changes in HR. We only found reduced CO in a subgroup of the
hypothermic animals, namely those who suffered a long
period (> 30 minutes) of low amplitude EEG. Most of these
piglets also developed seizures, which is a marker of insult
severity in our model.

In previous animal experiments and our clinical experience,
we have occasionally observed hypotension during rewarm-
ing, which was probably due to vasodilatation.® Since we
started to routinely increase volume at the start of rewarming,
hypotension has not been observed.

We did not find increased PAP in the hypothermic group
compared with the normothermic group. Most of the early
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normal transition from fetal to neonatal pulmonary circula-
tion had already taken place at the time of this experiment. In
a pilot clinical study of hypothermia after birth asphyxia,
cooling was associated with severe pulmonary hypertension in
two of nine patients, which normalised when they were
rewarmed.’ Pulmonary hypertension was, however, not a
problem in the following 11 infants who were cooled (M
Thoresen, unpublished work), and Shankaran et al'® did not
find more pulmonary hypertension in the hypothermic group
in their pilot study of total body cooling.

In conclusion, this animal study indicates that hypothermia
after hypoxia has no adverse metabolic or cardiovascular
effects. Mild hypothermia for 24 hours in unsedated newborn
pigs after a severe hypoxic-ischaemic insult did not affect
stroke volume or PAP when compared with normothermic
pigs. A subgroup of hypothermic pigs that underwent the
most severe hypoxic-ischaemic insult had reduced HR. The
insult itself resulted in a transient increase in PAP, which was
similar in both groups and unaffected by the severity of the
insult, seizures, or whether the animals had an open ductus
arteriosus. Twenty four hours of mild hypothermia did not
affect the opening or closing of the ductus arteriosus.
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