Articles |

Translational Investigation

nature publishing group

Inotropes do not increase cardiac output or cerebral blood

flow in preterm piglets

Yvonne A. Eiby'?, Nicole Y. Shrimpton'?, lan M.R. Wright3#, Eugenie R. Lumbers'?, Paul B. Colditz'? Greg J. Duncombe'®

and Barbara E. Lingwood'?

BACKGROUND: The preterm newborn is at high risk of
developing cardiovascular compromise during the first day
of life and this is associated with increased risk of brain injury.
Standard treatments are volume expansion and administra-
tion of inotropes, typically dopamine and/or dobutamine, but
there is limited evidence that inotropes improve clinical out-
comes. This study investigated the efficacy of dopamine and
dobutamine for the treatment of cardiovascular compromise
in the preterm newborn using a piglet model.

METHODS: Preterm and term piglets were assigned to either
dopamine, dobutamine or control infusions. Heart rate, left
ventricular contractility, cardiac output, blood pressure, and
cerebral and regional blood flows were measured during base-
line, low (10 pg/kg/h), and high (20 pg/kg/h) dose infusions.
RESULTS: At baseline, preterm piglets had lower cardiac con-
tractility, cardiac output, blood pressure, and cerebral blood
flow compared to term piglets. The response of preterm pig-
lets to either dopamine or dobutamine administration was
less than in term piglets. In both preterm and term piglets, car-
diac output and cerebral blood flow were unaltered by either
inotrope.

CONCLUSION: In order to provide better cardiovascular sup-
port, it may be necessary to develop treatments that target
receptors with a more mature profile than adrenoceptors in
the preterm newborn.

During the first day of life, preterm infants are at high risk
of circulatory failure leading to inadequate tissue per-
fusion (1). Impaired cerebral perfusion in preterm infants
could contribute to an increased risk of neurodevelopmental
delay, cerebral palsy, deafness, and vision impairments (2).
In attempt to prevent this, dopamine and/or dobutamine
are commonly used to support preterm cardiovascular func-
tion. These adrenergic inotropes target f3-adrenoceptors in
the myocardium to increase myocardial contractility and
heart rate hence increasing cardiac output and tissue perfu-
sion. Dopamine can also increase systemic vascular resistance,

which results in an increase in blood pressure, via activation of
a-adrenoceptors. In contrast, dobutamine can reduce vascular
resistance by stimulating vasodilator 3,-adrenoceptors. About
40% of preterm newborns fail to respond to either dopamine
or dobutamine (3,4), and there is limited evidence that these
inotropes improve clinical outcomes of preterm newborns (5).
Indeed, a recent study suggests that dopamine treatment may
be harmful (6).

In preterm animal models, the distribution of adrenoceptor
subtypes in the myocardium and vasculature is strikingly dif-
ferent from that seen in term animals (7-9). Preterm piglets
have about 50% fewer S-adrenoceptors in the left ventricle
compared with term piglets (9). A low density of myocardial
B,-adrenoceptors in the preterm heart could lead to a poor
cardiac response to dopamine and dobutamine in preterm
infants. In addition, the preterm peripheral vasculature has
fewer o, -adrenoceptors than at term in lambs (7,8), and so, it
is likely that dopamine will be a less effective vasoconstrictor in
preterm newborns than in term infants or adults.

In the present study, we aimed to describe the cardiovascular
physiology of preterm and term piglets, and to determine how
the cardiovascular actions (including effects on cerebral blood
flow) of dopamine and dobutamine differed between preterm
and term piglets. Preterm piglets were used because many pig-
lets experience cardiovascular failure that includes the features
commonly seen in preterm babies, even in the absence of other
pathologies.

RESULTS

Demographics and Baseline Physiology

A total of 26 term and 24 preterm piglets were studied. The
birthweight of piglets and the ratios of males and females in
both term and preterm groups (P = 0.963), and in the treat-
ment groups within each age were similar (Table 1). Measures
of cardiovascular function of term and preterm piglets prior to
inotrope treatment are shown in Table 2. Preterm piglets had
significantly lower cardiac contractility and relaxation, cardiac
output, blood pressures (mean, systolic, and diastolic), and
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cerebral blood flow (per 100 g) compared to term piglets despite
a higher resting heart rate (Table 2). Within each age group,
cardiovascular function and organ blood flows were similar in
control, dopamine and dobutamine-treated animals (P > 0.05)
(Figures 1-6), except for preterm piglets used to study the
effects of dobutamine. In these animals, baseline heart rate (P =
0.006, Figure 1) and diastolic blood pressure (P = 0.035) were
significantly higher than in the control preterm group.

For all measures, significant drug responses are reported
relative to changes in the control group at the same gestation.
Where a significant response was detected, the magnitude of
that response was compared between the term and preterm
groups.

Heart Rate

Heart rate was significantly increased in term and preterm
piglets at both low and high doses of dopamine and dobuta-
mine (for term piglets: dopamine low dose P = 0.022, high

Table 1. Body weight and number of piglets in each treatment
group

Control  Dopamine Dobutamine P
n (M:F) Preterm 6(3:3) 10 (6:4) 8(5:3) 0.887
Term 6(4:2) 10 (6:4) 10 (5:5) 0.794
Body weight (g) Preterm 1,055+218 945+169 1,059+231 0.423
Term 1,400+£147 1,482+184 1,475+269 0.736

Values are mean + SD. P values are for within age group differences.

Table 2. Cardiovascular function of preterm and term piglets prior to
inotrope treatment

Pretermn=24 Termn=26 Pvalue
Heart rate (bpm) 147+18 131+12 0.001
Contractility 1,140+350 1,836+342 <0.001
(dP/dt_. ,mmHg/s)
Relaxation —1,227 £479 -2163+875 <0.001
(dP/dt_, , mmHg/s)
Cardiac output 151(102-202) 299 (162-380) <0.001
(ml/min/kg BW)
Mean arterial pressure 30.6+8.9 40.2+6.1 <0.001
(mmHg)
Systolic blood pressure 454+11.4 59.1+6.8 <0.001
(mmHg)
Diastolic blood 225+73 28.9+4.7 0.001
pressure (mmHg)
Skin blood flow 7.6 (6.4-8.9) 12.2(8.9-15.8) 0.003
(ml/min/100 g skin)
Cerebral blood flow 16.7 (12.2-23.9) 29.9(20.3-37.6) 0.001
(ml/min/100 g brain)
Renal blood flow 53.1(33.6-124.8) 102.7(70.6-126.3)  0.030
(ml/min/100 g kidney)
Left ventricular blood 108 (86-136) 149 (96-231) 0.043

flow (ml/min/100g LV)

Values are mean + SD for all variables except for cardiac output and blood flow which
are median (IQR). N values for cardiac output and blood flows are 19 preterm and
20term piglets, except cerebral blood flow which included 17 preterm and 20 term
piglets.

Copyright © 2016 International Pediatric Research Foundation, Inc.

dose P < 0.001, and dobutamine low dose P = 0.002, high dose
P < 0.001; for preterm piglets: dopamine low dose P = 0.049,
high dose P = 0.002, and dobutamine low dose P = 0.004 and
high dose P = 0.002, Figure 1). There were no differences in
the magnitude of the heart rate responses of term and preterm
piglets (P = 0.372 to 0.958).

Cardiac Contractility and Relaxation
Cardiac contractility was significantly increased in term and
preterm piglets at both low and high doses of dopamine and
dobutamine (for term piglets: dopamine low dose P = 0.027
and high dose P < 0.001, dobutamine low dose P = 0.022 and
high dose P = 0.001; for preterm piglets: dopamine low dose
P =0.022 and high dose P < 0.001, and dobutamine low dose
P =0.031 and high dose P = 0.005, Figure 2). The magnitude of
the increases in contractility of preterm piglets was less than
that of term piglets for both drugs (P = 0.014 to 0.001).
Cardiac relaxation was not significantly altered in term and
preterm piglets at low doses of either dopamine or dobutamine
(for term piglets: dopamine P = 0.244 and dobutamine P = 0.464;
for preterm piglets: dopamine P = 0.073 and dobutamine P =
0.124, Figure 2). However, cardiac relaxation was significantly
increased in term and preterm piglets at high doses of dopa-
mine and dobutamine (for term piglets: dopamine P = 0.022 and
dobutamine P = 0.044; for preterm piglets: dopamine P < 0.001
and dobutamine P = 0.035, Figure 2). The magnitude of the
responses in the preterm group were less than in term animals
for both dopamine (P = 0.002) and dobutamine (P = 0.004).

Cardiac Output

There were no significant changes in cardiac output in term
or preterm piglets during treatment with either inotrope (P =
0.132 to 0.819, Figure 1).

Blood Pressures

In term piglets, mean arterial pressure (MAP) significantly
increased during treatment with dopamine (low dose P <
0.001, high dose P < 0.001) and with dobutamine (low dose P =
0.001, high dose P < 0.001, Figure 1). In preterm piglets, MAP
also significantly increased during treatment with dopamine
(low dose P = 0.030, high dose P < 0.001). Dobutamine treat-
ment was ineffective at the low dose (P = 0.072) whereas at the
high dose the increase in MAP was greater than in control pig-
lets (P = 0.047) but this equated to an average increase of only
2 mmHg. The magnitude of the MAP response by preterm pig-
lets was significantly less than the response in term piglets for
both inotropes at both doses (P = 0.008 to 0.001, Figure 1).
Changes in systolic and diastolic blood pressures induced by
inotropes were similar to the changes in MAP.

Cerebral Blood Flow and Vascular Conductance

Cerebral blood flow was not significantly altered by dopamine
or dobutamine at either dose in term and preterm piglets (term
piglets dopamine P = 0.107 and dobutamine P = 0.672: pre-
term piglets dopamine P = 0.412 and dobutamine P = 0.756,
Figure 3). We also calculated vascular conductance because
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Figure 1. Heart rate, cardiac output, and mean arterial pressure (MAP) for control (a, d, and g), dopamine (b, e, and h) and dobutamine (c, f, and i)
treated term (solid line) and preterm (dashed line) piglets during baseline, low dose, and high dose infusions. * indicates that the response to that drug is
significantly different to changes in the control group at the same gestation. T indicates a significant difference between the magnitude of the term and
preterm responses at that dose. n is 24 preterm and 26 term piglets for heart rate and MAP, and n is 15 preterm and 19 term piglets for cardiac output.
Heart rate and MAP are expressed as mean + SEM and cardiac output is expressed as median + IQR.

flow is affected by driving pressure as well as vessel diameter
so flow alone may not indicate the degree of vasoconstric-
tion/vasodilatation. An increase in conductance indicates an
increase in blood flow that is independent of driving pressure.
In term piglets, cerebral vascular conductance during both low
(P =0.004) and high (P = 0.004) dose dopamine infusion was
significantly lower than controls, but not during dobutamine
infusion (P = 0.119). In preterm piglets, cerebral conductance
was unaltered by inotrope infusions (P > 0.05).

Peripheral Vascular Conductance

In term piglets, skeletal muscle vascular conductance decreased
during dopamine (low dose P = 0.043, high dose P = 0.007) but
not dobutamine (P = 0.857) treatment (Figure 4). In preterm
piglets, skeletal muscle conductance decreased during high-
dose dopamine treatment only (P = 0.039) and not during
dobutamine infusion (P = 0.223). In term piglets, skin vascular
conductance decreased only during high-dose dopamine (low

872 Pediatric RESEARCH Volume 80 | Number 6 | December 2016

dose P = 0.064, high dose P = 0.003) and was unaltered during
dobutamine infusions (P = 0.695) (Figure 4). In preterm pig-
lets, skin conductance decreased during high-dose dopamine
(P =0.002) and during both doses of dobutamine (low dose
P =0.036, high dose P = 0.025). In term and preterm piglets,
small intestine vascular conductance was not significantly
altered by inotrope infusions (P < 0.05, Figure 5). In term
piglets, large intestine vascular conductance was decreased by
dopamine (low dose P = 0.005, high dose P = 0.005) but was
unaltered by dobutamine (P = 0.854) (Figure 5). In preterm
piglets, large intestine conductance was unaltered by dopa-
mine (P = 0.089) or dobutamine (P = 0.909).

Left Ventricular Coronary Flow and Coronary Vascular
Conductance

In term piglets, left ventricular coronary blood flow was
significantly increased by dopamine (low dose P = 0.031,
high dose P = 0.005) and dobutamine (low dose P = 0.014,

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 2. Cardiac contractility and relaxation for control (a and d), dopamine (b and e) and dobutamine (c and f) treated term (solid line) and preterm
(dashed line) piglets during baseline, low dose and high dose infusions. * indicates that the response to that drug is significantly different to changes
in the control group at the same gestation. T indicates a significant difference between the magnitude of the term and preterm responses at that dose.
nis 24 preterm and 26 term piglets. Values are expressed as mean + SEM.
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Figure 3. Cerebral blood flow and vascular conductance for control (a and d), dopamine (b and e) and dobutamine (c and f) treated term (solid line) and
preterm (dashed line) piglets during baseline, low dose, and high dose infusions. * indicates that the response to that drug is significantly different to
changes in the control group at the same gestation. nis 13 preterm and 19 term piglets. Values are expressed as median + IQR.
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Figure 4. Vascular conductance of skeletal muscle and skin for control (a and d), dopamine (b and e) and dobutamine (c and f) treated term (solid line)
and preterm (dashed line) piglets during baseline, low dose, and high dose infusions. * indicates that the response to that drug is significantly different
to changes in the control group at the same gestation. nis 15 preterm and 19 term piglets. Values are expressed as median + IQR.
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Figure 5. Vascular conductance of small intestine and large intestine for control (a and d), dopamine (b and e) and dobutamine (c and f) treated term
(solid line) and preterm (dashed line) piglets during baseline, low dose and high dose infusions. * indicates that the response to that drug is significantly
different to changes in the control group at the same gestation. nis 15 preterm and 19 term piglets. Values are expressed as median + IQR.
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Figure 6. Left ventricular (LV) coronary blood flow and renal blood flow for control (a and d), dopamine (b and e) and dobutamine (c and f) treated term
(solid line) and preterm (dashed line) piglets during baseline, low dose, and high dose infusions. * indicates that the response to that drug is significantly
different to changes in the control group at the same gestation. t indicates a significant difference between the magnitude of the term and preterm
responses at that dose. nis 15 preterm and 19 term piglets. Values are expressed as median + IQR.

high dose P = 0.012) however, in preterm piglets, there were
no significant effects of either inotrope (dopamine P = 0.872,
dobutamine P = 0.711) (Figure 6). In term piglets, vascular
conductance was unaltered by dopamine (P = 0.238) however
was increased by dobutamine (low dose P = 0.049, high dose
P =0.029). In preterm piglets, conductance was unaltered by
dopamine (P = 0.150) or dobutamine (P = 0.362).

Renal Blood Flow and Vascular Conductance

In term piglets, renal blood flow was not affected by either
dopamine (P = 0.135) or dobutamine infusion (P = 0.481)
at either dose (Figure 6). Similarly, in preterm piglets, renal
blood flow was not affected by either low-dose dopamine (P =
0.056), nor by either dose of dobutamine (P = 0.814); however,
the high dose of dopamine was associated with a significant
increase in renal blood flow, averaging 36% (P = 0.008). Renal
vascular conductance in preterm piglets during high dose
dopamine infusion was higher than in controls (P = 0.034) but
there were no other changes in renal conductance.

DISCUSSION

Cardiovascular function in preterm piglets was significantly
compromised compared to term piglets. Baseline cardiac
contractility in preterm piglets was about two-thirds of that
in term piglets. Similar reductions in contractility have been
reported in preterm babies (10,11). There is evidence that the
preterm myocardium is structurally immature (12,13) limiting
both baseline contractility (14,15) and the response to inotro-
pes. Baseline cardiac output in preterm piglets was approxi-
mately half of that in term piglets. This result is similar to that

Copyright © 2016 International Pediatric Research Foundation, Inc.

found in preterm babies (16,17) and the isolated piglet heart
(15). The lower contractility of the preterm piglets is likely to
significantly contribute to their lower cardiac output. Mean
arterial pressure was also lower in preterm piglets and again
this is similar to preterm babies.

Baseline cerebral blood flow in preterm piglets was only 50%
that of term piglets. Low cerebral blood flow has also been
reported in preterm human neonates where flow can be as
low as 20% of adult values (18-20). This may reflect a lower
oxygen requirement of the preterm brain (18) although a lower
cerebral oxygen venous saturation and increased cerebral
oxygen extraction suggest that cerebral blood flow in some
preterm infants is lower than that required for normal oxygen
delivery (19,21). There is also evidence of a significant cerebral
hypoxic burden in many preterm infants over the first days
after birth (22). In addition, cerebral autoregulation is incon-
sistent in very preterm infants (20,23). Together, these factors
suggest that low cerebral blood flow could contribute to the
high disability rate experienced by preterm newborns (2).

Effects of dopamine and dobutamine in preterm pigs were
similar to those seen in preterm infants. In preterm infants,
effects of dopamine and dobutamine are limited compared to
term infants (24,25). Dopamine treatment in preterm infants
leads to small increases in blood pressure but dobutamine treat-
ment does not increase blood pressure (3). Neither inotrope
alters right ventricular output in preterm infants although
dobutamine treatment results in significantly greater increases
in superior vena cava flow compared to dopamine (3).

Although the effects of dopamine and dobutamine on heart
rate were similar in term and preterm piglets, the increases in

Volume 80 | Number 6 | December 2016 Pediatric RESEARCH 875
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contractility and blood pressure were less in preterm piglets. In
preterm piglets, contractility was increased to the term resting
range in response to dopamine, suggesting that lack of con-
tractile machinery is not the major factor limiting the preterm
response. The response of preterm piglets to dobutamine was
more limited, and although the mean contractility in response
to high dose dobutamine was similar to that seen in untreated
term piglets, half of the group did not even achieve a contrac-
tility equivalent to term baseline following high-dose dobuta-
mine infusion.

The smaller contractility and blood pressure response to
dobutamine compared to dopamine in preterm piglets and
infants may be due to the different receptor targets of these
drugs. Dopamine can stimulate both - and o-adrenoceptors
(26). Although f3 -adrenoceptors are considered the primary
target when using dopamine for inotropic purposes, «,,-
adrenoceptors are also capable of mediating a positive ino-
tropic response (27-29). On the other hand, dobutamine acts
specifically on cardiac B-adrenoceptors (30). We have shown
that the expression of f3-adrenoceptors in the preterm pig-
let heart is less than in the term heart; this would limit the
magnitude of preterm responses to f-agonists (9). Dopamine
could produce a greater increase in contractility than dobu-
tamine in the preterm heart if &, ,-adrenoceptors as well as
fB,-adrenoceptors were activated by the inotrope.

The observed increases in mean arterial pressure, especially
during dopamine infusion, are consistent with the known o-
adrenoceptor-mediated constrictor actions of dopamine. This
effect is apparent in our results for skeletal muscle and large
intestine where conductance was decreased in term piglets
treated with dopamine but not in those treated with dobuta-
mine. This response was reduced or absent in preterm pig-
lets where there are fewer o-adrenoceptors in the vasculature
(7,8). These differences in adrenoceptor profile along with the
differing targets of dopamine and dobutamine explain why the
preterm piglets had smaller increases in blood pressure than
term piglets and why responses to dobutamine at both ages
were smaller than responses to dopamine. We were not able to
detect decreases in vascular conductance of the small intestine.
The small intestine appears very sensitive to ischemia and is
perhaps therefore protected from vasoconstriction to some
extent.

Heart rate was increased by dopamine and dobutamine in
both preterm and term piglets but this increase in heart rate
was not associated with an increase in cardiac output suggest-
ing that stroke volume was negatively affected. Tachycardia
leads to decreased ventricular filling time (31); however, dopa-
mine and dobutamine are said to maintain or improve ven-
tricular filling time by accelerating ventricular relaxation (27).
Relaxation was reduced in preterm compared to term hearts,
and at both ages was only increased at the highest dose of ino-
trope. Thus, reduced ventricular filling due to tachycardia may
account for the lack of increase in cardiac output in some term
and preterm piglets.

In the adult, dopamine and dobutamine promote ventricu-
lar relaxation by accelerating the uptake of calcium by the

876 Pediatric RESEARCH Volume 80 | Number 6 | December 2016

sarcoplasmic reticulum during diastole (32). However, the
sarcoplasmic reticulum is thought to be under-developed in
the neonatal heart (12) limiting its ability to sequester calcium
during diastole. The consequences of this are apparent in our
observations on cardiac relaxation (Figure 2). Trials for more
effective support for preterm cardiovascular function could
focus on treatments that provide inotropic effects without sig-
nificant chronotropic effects.

The lack of increase in cardiac output may also have been the
result of increased afterload as there were significant increases
in mean arterial pressure. Several clinical trials have reported
decreased left ventricular output during dopamine infusion
in preterm newborns, and this has been attributed to the
inability of the preterm heart to pump against the increased
afterload resulting from vasoconstriction (3,10,33). Eiby et al.
(15) report that cardiac output was compromised when mean
arterial pressure was above 45 mmHg. Three out of 10 piglets
in our preterm dopamine group reached pressures above this
level.

Dopamine and dobutamine infusion resulted in significant
increases in left ventricular coronary blood flow in term ani-
mals but flow was unchanged in preterm piglets. This differ-
ence in flow may be related to the greater myocardial oxygen
demand due to greater increases in contractility in term piglets
than in preterm piglets. Alternatively, in preterm piglets, coro-
nary flow may be limited by impaired relaxation as coronary
flow occurs during diastole. A failure to increase coronary flow
could act to limit inotropic effects of both treatments in pre-
term piglets by failing to increase oxygen delivery in the face of
increased myocardial workload (as demonstrated by the docu-
mented increases in both contractility and heart rate).

Cerebral blood flow was not significantly changed in
response to either inotrope in either term or preterm piglets.
In term piglets treated with dopamine, there was a reduction in
cerebral vascular conductance suggesting vasoconstriction. We
are unable to determine if this is an autoregulatory response to
the increase in blood pressure, to maintain a constant cerebral
blood flow, or if dopamine has had a direct vasoconstrictor
effect on the cerebral blood vessels, as has been suggested in
other studies (34). This response did not occur where increases
in blood pressure were smaller—during dobutamine infusion
or in response to either drug in preterm piglets. If the aim of
inotropic support is to increase cerebral blood flow, this was
not achieved in our piglet cohort.

When assessing the efficacy of an intervention, it is impor-
tant to consider whether routine measures are the best indica-
tors of the relevant outcome. There was no increase in cerebral
blood flow despite increases in mean arterial pressure. This
may be due to autoregulation although several clinical studies
have suggested that autoregulation does not occur in the blood
pressure range commonly observed in very preterm infants
(20,23). Alternatively, the absence of an increase in cerebral
blood flow may be due to the lack of change in cardiac out-
put. Cerebral blood flow and developmental outcomes may be
more closely related to systemic blood flow than to blood pres-
sure underlining the idea that normal or altered blood pressure

Copyright © 2016 International Pediatric Research Foundation, Inc.
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should not be taken as an indication that cerebral flow is nor-
mal or altered (6,35). Likewise, urine output is often taken as
an indicator of cardiovascular function. In our study, renal
blood flow in preterm piglets was not different from that of
term piglets and this may lead to preservation of urine produc-
tion, incorrectly suggesting similar cardiovascular function.
Similarly, renal blood flow was increased in dopamine-treated
preterm pigs. This increase in renal blood flow, along with
dopamine’s action to block sodium reabsorption, could lead to
an increase in urine output and in isolation may erroneously
be interpreted as an indication that other aspects of cardiovas-
cular function have improved. In the preterm piglet, neither
arterial blood pressure nor renal blood flow appear to be good
indicators of cardiac output or cerebral blood flow. This may
also be the case in preterm babies, even at the extremes of
blood pressure and urine output.

Measurements of blood flow obtained using coloured micro-
spheres could have been affected by blood flow through the
ductus arteriosus. A left-to-right shunt would act as an addi-
tional organ in the system, but would not introduce any errors
into the measurements of flow to other organs. A right-to-left
shunt would reduce the concentration of microspheres in the
descending aorta, thus reducing the number of microspheres
in the reference blood sample. The calculation of blood flow to
postductal organs would not be affected as all organs receive
blood with the same reduced concentration of microspheres as
the reference sample. Calculation of flow to preductal organs
such as the brain would be artificially elevated, as the concentra-
tion of microspheres in the blood received by the brain would
be greater than that in the reference sample. Measurement of
cardiac output would similarly be affected. For baseline flows,
this means that cardiac output and cerebral blood flow in pre-
term pigs, where shunting may be more common, are possibly
lower than our results suggest—thus the differences between
term and preterm piglets may be even larger than those we
have reported. The lack of effect of dopamine and dobutamine
on cardiac output and cerebral blood flow may be the result of
a reduction in right-to-left ductal flow during inotrope infu-
sion however, the observed lack of decrease in oxygen require-
ments during treatment would make this very unlikely.

Our findings are unlikely to be the result of interactions
between inotropes and the sedation used. Propofol levels can
fall when cardiac output goes up (36). However, cardiac out-
put did not change and responses were not different between
preterm and term piglets. Therefore, differences in response
to inotropes are unlikely to be due to differing interactions
between sedation and inotropes.

In conclusion, cardiovascular function in preterm piglets is
impaired relative to term piglets. Significantly, the likelihood
that either dopamine or dobutamine will increase blood pres-
sure and cardiac contractility is much less in preterm than
in term piglets. These reduced responses may be the result
of low B-adrenoceptor density in the preterm heart and low
o-adrenoceptor density in the preterm vasculature. Cerebral
blood flow and cardiac output in preterm piglets were lower
than in term piglets and were not altered by treatment with

Copyright © 2016 International Pediatric Research Foundation, Inc.

dopamine or dobutamine. In order to provide better cardio-
vascular support and improve outcomes, it may be necessary
to develop treatments that target receptors with a more mature
profile than adrenoceptors in the preterm newborn, or treat-
ments that target other mechanisms entirely.

METHODS

This study was carried out in accordance with the Australian Code
of Practice for the Care and Use of Animals for Scientific Purposes
(7th edition 2004) and was approved by The University of Queensland
Animal Ethics Committee (AEC Approval Number: UQCCR/060/12).
All surgery was performed under general anesthesia and all efforts
were made to minimize suffering. All animals were euthanized with
Lethabarb intravenous (iv.) (162mg/kg Pentobarbitone Sodium;
Virbac, Australia).

Piglet Delivery, Intensive Care, and Physiological Monitoring
Preterm piglets were delivered and cared for as previously described
(37,38). In brief, preterm piglets were exposed to maternal glucocor-
ticoid treatment (betamethasone 0.19mg/kg, intramuscular (im.);
Celestone Chronodose, Schering-Plough) at 48 and 24h prior to
delivery according to standard clinical practice for women with
threatened preterm labour. All piglets were delivered by cesarean sec-
tion either “preterm” at 97 d (developmentally similar to a human
neonate at 27wk gestation) or near “term” at 113 d (full term = 115
d). A loading dose of 5mg/kg of propofol (Provive MCT-LCT 1%;
AFT Pharmaceuticals, NZ) was given at birth. Term piglet sedation
was maintained throughout the experiment using 4-20 mg/kg/h of
propofol and 0.02-0.11 mg/kg/h of fentanyl (Sublimaze; Janssen-
Cilag, AUS). Preterm piglet sedation was maintained using 6-10 mg/
kg/h of propofol and 0.03-0.06 mg/kg/h fentanyl. The infusion rate
was titrated to achieve a heart rate of 120-160 bpm and was always
in the lower part of the range during experiments. Piglets were intu-
bated with a 2.5-3.0 cuffed/un-cuffed endotracheal tube and surfac-
tant administered to preterm piglets (2.5 ml endotracheal; Survanta;
Abbott Australasia, Australia).

A 16-channel Power Lab and LabChart 7 (AD Instruments Pty Ltd,
Australia) was used to record all physiological variables (sampling
frequency of 1kHz). Arterial blood pressure was monitored using
a pressure transducer (Transpac, Hospira, Dunedin, New Zealand)
connected to an umbilical artery catheter. Heart rate was calculated
from the arterial blood pressure wave. To measure cardiac contractil-
ity and relaxation, a dual lumen catheter containing a pressure cath-
eter (Transonic SciSense, Canada) was inserted into the left ventricle
via the left carotid artery. Contractility (dP/dt__, and relaxation (dP/
dt_ ) were calculated using LabChart.

Oxygen saturation (measured using pulse oximetry) and intermit-
tent arterial blood gas analysis (ABL800Flex Blood Gas Analyser;
Radiometer, DK) were used to monitor ventilation adequacy.
Fractional inspired oxygen and peak inspiratory pressure were
adjusted to target PaO, 80-120 mmHg and PaCO, 35-45 mmHg.
Skin blood flow (SBF) was measured using a laser Doppler flowm-
etry (LDF) surface probe (AD Instruments Pty Ltd) adhered to the
hindquarter.

)

Regional Blood Flow
Coloured microspheres (Dye-Trak 15 um microspheres, Triton
Technology) were injected into the left ventricle via the ventricu-
lar catheter to provide intermittent measures of regional blood flow
at three time points (39). A reference blood sample was collected
in accordance with the validated method (40). Microspheres were
extracted from the tissue using the filtration method. Organ blood
flows (cerebral hemispheres, gluteal muscle, abdominal skin, small
intestine, large intestine, left ventricle, kidney) were calculated by
comparison of the number of microspheres in the tissue with that in
the reference blood sample. Cardiac output was calculated using the
formula:

Cardiac output = total number of microspheres injected x refer-
ence sample withdrawal rate/number of microspheres in reference
sample (41).
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Organ blood flows were used to calculate vascular conductance
(blood flow/mean arterial blood pressure).

Experimental Design

Piglets were assigned to receive intravenous dopamine (Hamlen
Pharmaceuticals, DE; 10% glucose), dobutamine (Sandoz, Australia;
10% glucose), or control (10% glucose). Siblings of the same sex were
assigned to different treatment groups. Baseline measurements were
recorded for 30 min. Low-dose inotrope (10 pg/kg/min) was infused
for 40 min via the umbilical vein then high-dose inotrope infusion
(20 pg/kg/min) for 40 min. Microspheres were injected at the end of
baseline, low-dose and high-dose infusions. All piglets were euthanized
(sodium pentobarbital 60 ml i.v.) following the inotrope infusions.

Data Processing and Statistical Analyses

Cardiac contractility and relaxation, heart rate, arterial pressures,
and skin blood flow were calculated over a 2 min period immediately
before microsphere injections, providing three timepoints; baseline,
low dose, and high dose. All data were analyzed using SPSS version
22, IBM. Differences in sex ratios between age groups, and differences
between treatment groups within age groups, were assessed using Chi-
square tests. Cardiac output and blood flow data were log transformed
prior to analysis using parametric tests. Difference in baseline measures
between preterm and term piglets were sought using Student’s inde-
pendent samples t-tests. To test for differences in baseline measures
between treatment groups within an age group, one-way ANOVAs
with treatment as a fixed factor were used. To test for treatment effects
within each age group, univariate repeated measures ANOVAs with
two fixed factors—dose/time (baseline, low dose and high dose) and
treatment (control and drug)—were used separately for dopamine
and dobutamine. Where there was no significant overall interaction,
this means control and drug-treated groups changed similarly across
time, i.e., there was effect of drug treatment. Where there was a sig-
nificant overall interaction, simple contrasts were used to determine at
which dose drug responses differed to the control group. To determine
if the preterm response for a particular drug differed from the term
response, similar tests were used except the two fixed factors were dose
(baseline, low dose and high dose) and gestational age (preterm and
term). A P value <0.05 was considered statistically significant.
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