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ABSTRACT. In a piglet model of group B {j Streptococci 
(GBS)-induced pulmonary hypertension, we have deter
mined hemodynamic responses to epinephrine (EPI) infu
sion in both the systemic and pulmonary circulations. 
Three groups of piglets (GBS + EPI, n = 6; GBS + 
placebo, n = 6; placebo, n = 6) were studied. GBS, infused 
intra.ven?usly at - 5 x 107 organisms/kg/min, reduced 
cardiac mdex and stroke volume index while elevating 
pulmonary artery pressure and pulmonary vascular resist
ance index. Systemic vascular resistance index, heart rate 
and aortic pressure did not change during GBS infusion. 
Six piglets received intravenous EPI after cardiac index 
had fallen by 30% during GBS infusion. At 3.5, 7.0, and 
15 JLg/kg/min, respectively, EPI raised aortic pressure by 
18.5, 31.0, and 45.0 mm Hg while EPI reduced pulmonary 
artery pressure by 5.2, 6.3, and 8.2 mm Hg. At each dose, 
EPI elevated systemic vascular resistance index and low
ered pulmonary vascular resistance index. At 3.5 JLg/kg/ 
min, the elevation of aortic pressure was associated with 
an increase in both cardiac index and systemic vascular 
resistance index. At higher EPI doses, the rise in aortic 
pressure was accounted for entirely by an increase in 
systemic vascular resistance index. Systemic acid/base sta
tus and Pa02 did not differ among piglets who received 
GBS + EPI, GBS alone, or placebo. Extrapolation ofthese 
data to human infants must be approached with extreme 
caution. However, selective elevation of systemic blood 
pressure may be a feasible strategy for some infants to 
impede right-to-left shunting of blood often associated with 
sepsis-induced pulmonary hypertension. (Pediatr Res 20: 
872-875,1986) 
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SVI, stroke volume index 
CVP, central venous pressure 

The transition from in utero to ex utero existence is generally 
accoi?pa_nied by a significant fall in PAP and PVR (1-3). Under 
certam Circumstances, however, PAP and PVR remain elevated 

and pulmonary hypertension may be as
with considerable derangement of cardiopulmonary dy

namics m the newborn. If PAP is elevated to levels approaching 
AOP, blood may be shunted directly from the venous to arterial 
circulations, resulting in hypoxemia (1-4). 

Consequently, many investigators including ourselves have 
attempted to identify techniques to reduce PAP and PVR selec
tively; that is, to effect a fall in PAP greater than a concomitant 
fall in AOP for given intervention (4-7). We have developed 
a. model of pulmonary hypertension using infu
sion of GBS m piglets and have attempted to determine hemo
dynamic correlates of pathologically elevated PAP utilizing tech
niques not widely available clinically (7, 8). 

In our piglet model of sepsis-induced pulmonary hypertension, 
we have been _unable to demonstrate any agent currently ap
proved for use m human newborns which reduces PAP and PVR 
to a exten! it lowers AOP and SVR. Others, using 
lambs with hypox1a-mduced pulmonary hypertension, have also 
been unable to such an agent (5, 6, 9, 10). Nor, in 

newborns With pulmonary hypertension, has any selec
tive pulmonary vasodilator consistently been identified. 

As approach, we investigated the possibility that 
elevatiOn of AOP and SVR, without an equal concurrent 

m PAP and PVR, might be achieved in the context of sepsis
mduced pulmonary hypertension. We report here that EPI raised 

without increasing PAP in piglets whose PA pressures had 
previOusly been elevated with GBS. This selective elevation of 
AOP was achieved without a significant decrease in CO. 

MATERIALS AND METHODS 

Surgica( P_reparation. Eighteen piglets, Sus scrofa, l-4 wk old 
were admm1stered ketamine intraperitoneally (20 mg/kg), intu
bated endotracheally, and anaesthetized with sodium pentobar

(20 mg(kg 2 mg/kg subsequently). Muscle relaxa
tiOn was achieved with curare ( 1 mg/kg). Mechanical ventilation 

Medical Supplies, Dover, MA) was adjusted to main
tam Pacoz at 25-3_5 torr during the entire experiment. Warming 
blankets and heatmg lamps were used to maintain rectal tem
perature at 37-38° C. A suprapubic cystostomy catheter was 
placed to establish urinary drainage in the paralyzed animal. 

Polyethylene catheters providing venous access were intro
duced surgically into the internal and external jugular veins. 
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Pressure catheters were placed in the aorta (via femoral artery), 
right atrium (via internal jugular vein), and PA (via left lateral 
thoracotomy). An external electromagnetic flow probe (Carolina 
Medical Electronics, King, NC) was placed around the P A, 
proximal to the tip of the P A catheter. During each experiment, 
the signal from the P A flow probe was adjusted continuously 
using the approximation that diastolic P A blood flow was zero. 

Hemodynamic monitoring. Five hemodynamic parameters 
were measured directly and continuously: HR, phasic and mean 
AOP, phasic and mean PAP, phasic and mean CVP, and phasic 
and mean pulmonary artery blood flow. Pulmonary artery blood 
flow was taken as equivalent to CO in the documented absence 
of left-to-right or right-to-left vascular shunts. These shunts were 
precluded by comparisons of oxygen saturation in blood samples 
from the right atrium, pulmonary artery, and aorta. 

CO was divided by body weight to obtain Cl. SVI was calcu
lated as the ratio of CI/HR. SVRI was calculated as the ratio of 
(AOP-CVP)/CI. PVRI was estimated as the ratio of PAP/CI. 
Arterial blood gases were obtained twice during the baseline 
period prior to the onset of GBS infusion, and once at the 
completion of the experiment. Baseline hemodynamic observa
tions were begun I h after the completion of surgery. 

Preparation of bacteria. GBS serotype I b, previously isolated 
from an infected human newborn, were grown in 250 ml Todd
Hewitt broth to late log I x 109 organisms/ml). The 
bacteria were then centrifuged, the supernatant decanted, and 
the organisms resuspended to their original concentration in D5/ 
LR. Quantitative cultures of the bacterial inoculum were per
formed by serial dilution to allow retrospective calculation of the 
rate of bacterial infusion. 

Experimental protocol. Three experimental groups were stud
ied. Group I piglets (GBS + EPI; n = 6) received continuous 
GBS infusion at 5 x 107 organisms/kg/min until CO had 
fallen by 30% compared to baseline. At that point, with the GBS 
infusion continuing, EPI was administered (first dose = 3.5 11-g/ 
kg/min intravenous, followed by 7 and 15 11-g/kgjmin) and 
hemodynamic observations were continued until a plateau re
sponse to each dose ofEPI was achieved (cf. Fig. 1). These doses 
of EPI were selected after preliminary experiments in our labo
ratory demonstrated that lower doses had little hemodynamic 
effect in septic piglets. Group 2 piglets (GBS + placebo; n = 6) 
received GBS at 5 X 107 organisms/kg/min until CO had 
fallen by 30% compared to control. At that point, with the GBS 
infusion continuing, placebo infusion (D5/LR) was begun. 
Group 3 piglets (placebo; n = 6) received D5/LR continuously. 
Hemodynamic observations for piglets in groups 2 and 3 were 
determined at times equal to the mean time of observations for 
group I animals (duration of GBS infusion 47 ± 19 (SD) min, 
duration of EPI infusion 26 ± 9 min). 

Data presentation and statistical analysis. Data are expressed 

as mean ± SD. Absolute values of baseline hemodynamic vari
ables are displayed in Table I for each experimental group. 
Hemodynamic effects of infusion of GBS, EPI, or placebo are 
expressed as absolute changes of each variable compared to its 
value prior to the onset of infusion (Tables 2 and 3). For piglets 
in group 1, the change in each hemodynamic variable at each 
EPI dose was determined by comparison to the baseline value 
prior to the onset of EPI infusion. 

Data were analyzed within and across experimental groups, 
using two independent statistical tests. Within each experimental 
group, the change of each hemodynamic variable after infusion 
of EPI, GBS, or placebo was analyzed using Student's paired t 
test. Across the three experimental groups, changes in each 
hemodynamic variable after infusion of EPI, GBS, or placebo 
were analyzed using analysis of variance supplemented by Stu-

Table I. Baseline values in piglets [mean (SD)] 

Group I Group 2 Group 3 
GBS + EPI GBS +placebo placebo 

(n = 6) (n = 6) (n = 6) 

Wt (kg) 6.2 6.8 4.5 
(4.2) (2.4) ( 1.5) 

AOP(mm Hg) 101.0 95.2 89.5 
(14.1) (10.3) (17.3) 

PAP(mm Hg) 12.2 13.2 13.8 
(5.7) (3.1) (5.4) 

CI (mljmin/kg) !50 118 115 
(47) (25) (42) 

HR (beats/min) 174 139 160 
(52) (24) (36) 

SVI (ml/kg/beat) 0.91 0.87 0.72 
(.36) (.25) (.19) 

SVRI (mm Hg/ml/kg/min) 0.73 0.85 0.83 
(.23) (.25) (.23) 

PVRI (mm Hg/ml/kg/min) 0.095 0.118 0.125 
(.07) (.05) (.05) 

pH 7.49 7.49 7.49 
(.II) (.03) (.05) 

Pa02 (torr) 250 265 242 
(43) (34) (27) 

Paco2 (torr) 27.6 27.0 27.9 
(8.7) (4.1) (2.9) 

Base excess (U) +1.2 -0.8 +0.02 
(3.5) (2.4) (2.7) 

Hematocrit 31.0 27.0 32.2 
(4.0) (4.5) (4.8) 

-·· 
II I l'l , 0 f•l 1 I 1 I I j I I 0 

I min 

Fig. I. Time course of changes in PAP, AOP, and CO during EPI infusion for a single septic piglet in group I. EPI infusion (3.5 ILg/kg/min) 
begun at arrow. AOP rose from 81 to 118 mm Hg, PAP fell from 25 to 23 mm Hg, and CO rose from 710 to 830 ml/min during EPI administration. 
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Table 2. Hemodynamic changes after infusion ofGBS or 
placebo in piglets [mean (SD)j 

Group 1 Group 2 
(n = 6) (n = 6) 

After GBS AfterGBS 

AOP(mm Hg) +3.3 +2.0 
(7.0) (10.8) 

PAP(mm Hg) +22.4*·t +21.7:j:·§ 
(2.8) (9.6) 

CI (ml/min/kg) -43.4*·t -32.2§ 
(17.6) (17.1) 

HR (beats/min) +5.3 +2.0 
(15.1) (12.7) 

SVI (ml/kg/beat) -0.29t -0.27§ 
(.17) (.14) 

SVRI (mm Hg/ml/kg/min) +0.4It +0.42 
(.30) (.41) 

PVRI (mm Hg/ml/kg/min) +0.31*·t +0.35:1:'§ 
(.19) (.21) 

* p < 0.05 group 1 vs group 3. 
t p < 0.05 group I pre-GBS vs group I post-GBS. 
:j: p < 0.05 group 2 vs group 3. 
§ p < 0.05 group 2 pre-GBS vs group 2 post-GBS. 
II p < 0.05 group 3 preplacebo vs group 3 postplacebo. 

Group 3 
(n = 6) 

After placebo 

+0.66 
(6.4) 

+1.5 
(3.9) 

-14.011 
(9.6) 

+10.3 
(20.2) 

-0.1211 
(.05) 

+0.1311 
(.08) 

+0.03 
(.05) 

Table 3. Hemodynamic changes after infusion of epinephrine 
during GBS in piglets [mean (SD)] 

EPI dose 

3.5 7.0 15 
llg/kg/min llg/kg/min llg/kg/min 

AOP(mm Hg) +18.5*·t·:j: +3l.O*·t·:J: +45.0*·t·:j: 
(11.6) (10.0) (18.4) 

PAP(mm Hg) -5.2*·:j: -6.3*·:j: -8.2*·t·:j: 
(3.6) (5.5) (4.4) 

CI (cc/min/kg) +4.6*·t·:j: +3.9* -13.4 
(3.5) (10.8) (41.8) 

HR (beats/min) +7.5 +26.7 -5.2 
(23.2) (59.0) (85.4) 

SVI (cc/kg/beat) -0.013 -0.097 -0.067 
(.099) (.18) (.37) 

SVRI (mm Hg/cc/kg/min) +0.144:j: +0.25:j: +0.44t':j: 
(.14) (.20) (.33) 

PVRI (mm Hg/cc/kg/min) -0.066*·:j: -0.080* -0.079* 
(.06) (.09) (.II) 

* p < 0.05 vs group 2. 
tP < 0.05 vs group 3. 
:j:p < 0.05 vs pre-EPI value. 

dent's unpaired two-tailed t test with Bonferroni correction for 
subsequent pairwise comparisons. Statistical significance was 
accepted at the p < 0.05 level. 

RESULTS 

Table 1 displays baseline hemodynamic and blood gas values 
for experimental animals in each group. The groups did not 

differ significantly from each other in any parameter. These 
observations are comparable to data previously reported for 
piglets using other laboratory models ( 11, 12). 

Table 2 displays hemodynamic changes during GBS infusion 
(groups 1 and 2) and comparable data for piglets who received 
placebo (group 3). There were no significant differences in re
sponse to GBS between groups 1 and 2. Overall, GBS infusion 
elevated PAP by 22.0 ± 6.7 mm Hg and elevated PVRI by 0.33 
± 0.19 mm Hg/mlfkg/min, while CI fell by 37.8 ± 17.6 mljkg/ 
min and SVI fell by 0.28 ± 0.15 mljkg/beat. GBS did not differ 
from placebo in its effects on AOP, SVRI, and HR. 

Figure 1 depicts the effect of EPI at 3.5 ttg/kg/min on PAP, 
AOP, and CO for a single septic piglet in group 1. Two points 
are readily appreciated. First, AOP rose immediately on admin
istration of EPI while PAP fell. Second, selective elevation of 
AOP versus PAP was achieved without a fall in CO. The re
sponses of AOP, PAP, and CO reached steady state within 5 min 
of the onset of EPI infusion. 

Table 3 displays the effects of EPI at three doses during GBS 
sepsis in piglets. At all doses, AOP rose significantly compared 
to both groups 2 and 3, while PAP and PVRI fell significantly. 
At 3.5 and 7.0 ttgfkgjmin, but not at 15 ttg/kg/min, CI rose 
significantly compared to group 2. Changes in HR and SVI did 
not differ among groups 1, 2, and 3 comparing EPI versus placebo 
infusion. No significant differences in any variable were noted 
after placebo infusion, comparing septic (group 2) and nonseptic 
(group 3) piglets (not shown). 

Blood gas values were equivalent among piglets in each group 
at the completion of the experimental protocol. Neither meta
bolic acidosis nor hypoxemia was observed in any test group (pH 
= 7.33 ± 0.12, 7.41 ± 0.08, 7.44 ± 0.04; Pa02 = 234 ± 38,274 
± 36, 191 ± 59; Paco2 = 34.6 ± 10.7, 29.4 ± 4.7, 26.6 ± 1.9; 
base excess= -4.3 ± 4.4, -4.8 ± 3.6, -3.4 ± 2.3 for groups 1, 
2, and 3, respectively). 

DISCUSSION 

In human neonates with pulmonary hypertension, when PAP 
approaches the level of AOP right-to-left shunting of blood 
through the foramen ovale or ductus arteriosus may occur ( 1-
4). In these cases, selective elevation of AOP versus PAP would 
impede right-to-left shunts. We report herein that EPI raised 
AOP while reducing PAP and preserving CO in piglets with 
sepsis-induced pulmonary hypertension. 

The elevations of AOP and SVRI induced by EPI increased 
significantly with higher EPI doses. However, for EPI at 3.5 ttg/ 
kg/min the rise in AOP was associated with a significant increase 
in both CI and SVRI, whereas at both 7.0 and 15.0 ttg/kg/min 
the rise in AOP was accounted for entirely by an elevation in 
SVRI. In addition, CI fell in three piglets when EPI was admin
istered at 15 ttg/kg/min, whereas CI did not fall in any piglet 
when EPI was administered at 3.5 ttg/kg/min. These results may 
suggest that at higher EPI doses the vasoconstrictor effects of EPI 
predominated over its inotropic effects and the myocardium was 
unable to maintain CI in the face of the increased afterload. 

Previous reports of adverse effects during catecholamine in
fusions have documented increased intrapulmonary shunts and 
metabolic acidosis (13). We found no evidence for these adverse 
effects during EPI infusion in these septic piglets. Changes in 
Pa02 and arterial base excess did not differ comparing piglets 
who received GBS + EPI (group 1), GBS + placebo (group 2), 
or placebo alone (group 3). 

Most previous approaches to PPHN, either in humans or 
experimental animal models, have focused on impeding the 
right-to-left shunt by reducing PAP selectively, i.e. lowering PAP 
more than AOP for any given intervention. These approaches 
have, on the whole, been unsuccessful. Tolazoline, acetylcholine, 

PGD2, chlorpromazine, and amrinone have all been found 
to reduce pulmonary and systemic blood pressures equally under 
various conditions of normal and elevated PAP in humans and 
experimental animals ( 4-7, 10, 14-16). Prostaglandin inhibitors 
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and leukotriene antagonists have been reported to reduce ele
vated PAP induced by GBS or hypoxia in lambs (17, 18) and 
piglets (19-21). However, none of these compounds is currently 
licensed for use in human newborns with pulmonary hyperten
sion. 

Phenylephrine has been reported by us to raise AOP selectively 
compared to PAP in septic piglets (8). However, this effect was 
invariably accompanied by a significant reduction in CI. We are 
aware of no previous reports of the concurrent effects of EPI on 
AOP and PAP during pulmonary hypertension. Norepinephrine 
has been reported to raise AOP and PAP to an equal extent in 
fetal lambs (22, 23). In contrast, dopamine has been shown to 
elevate PAP more than AOP in newborn lambs with normal 
PAP and lambs with hypoxia-induced pulmonary hypertension 
(24, 25). Consequently, and despite its current popularity, some 
authors have suggested caution in the use of dopamine in neo
natal pulmonary hypertensive states (26). 

The relevance of this piglet model of GBS sepsis to infected 
human infants has been recognized previously (7, 8, 19). In 
addition, similar responses of piglets and human infants to 
catecholamine infusions (epinephrine, norepinephrine, isopro
terenol, phenylephrine) have previously been reported (II, 12, 
27). Nevertheless, significant hemodynamic distinctions exist 
between these septic piglets and infected human infants. P A 
pressures in the piglets, although markedly elevated after GBS, 
never approached systemic levels, a phenomenon that occurs 
commonly in septic human newborns with persistent fetal cir
culation (I, 28). No piglet was hypoxemic at any time during 
these experiments, in contrast to the severe arterial desaturation 
frequently observed in human infants with sepsis-induced pul
monary hypertension. The foramen ovale and ductus arteriosus, 
open in human neonates with persistent fetal circulation, were 
closed in our piglets, none of whom was younger than 5 days. 
The lowest dose of EPI administered in these experiments (3.5 

was considerably higher than currently recom
mended for use in human newborns ( 13). These differences make 
extrapolation of data from 1- to 5-wk-old piglets to septic human 
infants necessarily tentative. 

In sum, we report that EPI at 3.5, 7.0, and 15 
raised AOP and SVRI while reducing PAP and PVRI in piglets 
with GBS-induced pulmonary hypertension. CI did not fall 
during EPI infusion. If these observations can be extrapolated to 
human neonates with sepsis-induced pulmonary hypertension, 
selective elevation of systemic blood pressure may become a 
feasible clinical strategy to impede the right-to-left shunting of 
blood characteristic of this disorder. These extrapolations will 
require extremely cautious clinical evaluation. 
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