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ABSTRACT. The renin-angiotensin system is activated by 
congestive heart failure associated with a ventricular septal 
defect (VSD). To determine the effect of angiotensin- 
converting enzyme inhibition on the hemodynamics with 
VSD, the dose response curve of captopril was measured 
in lambs. Furthermore, the effect of captopril on the dis- 
tribution of systemic output was determined by the radio- 
nuclide-labeled microsphere technique. A total of 12 lambs 
(less than 1 month old) with VSD were instrumented and 
a minimum of five animals was tested for each data point. 
Captopril(0.05-10 mg/kg) caused dose-dependent vascular 
changes. At a dose of 2 mg/kg, maximal hemodynamic 
effects were observed. The systemic resistance fell by 28 
f 9% (mean f SD, p < 0.05, n = 9), whereas pulmonary 
arteriolar resistance rose by 113 f 34% ( p  < 0.05). These 
vascular changes caused a reduction in the ratio of pul- 
monary to systemic flow from 3.31 f 0.59 to 2.19 f 0.29 
(-34%, p < 0.05) and a reduction in left-to-right shunt 
volume by 30% ( p  < 0.05). The left atrial pressure fell 
from 17.3 + 3.4 to 10.8 f 2.8 mm Hg (-38%, p < 0.05). 
Mean aortic pressure was unchanged (71.2 f 8.1 versus 
67.4 f 9.1). Forward flow from the left ventricle increased 
from 2.17 f 0.46 to 2.86 + 0.54 liter/min/M2 ( p  < 0.05). 
Microsphere-determined organ blood flow to the heart, 
kidney, liver, duodenum, and skeletal muscle was preserved 
after a 5 mg/kg dose of captopril and, in fact, tended to 
increase, but the changes were not significant. The myo- 
cardial endocardia1 to epicardial flow ratio increased from 
1.17 2 0.27 to 1.49 f 0.14 (+27%, p < 0.05). The data 
indicate that captopril caused dose-dependent changes in 
the distribution of left ventricular output in lambs with 
VSD, reducing total pulmonary flow while preserving organ 
blood flow. (Pediatr Res 24: 499-503, 1988) 

Abbreviations 

VSD, ventricular septal defect 
ANF, atrial natriuretic factor 

such, serves an homeostatic role to preserve renal function (5). 
However, this renal-renin response may further impair cardiac 
performance by increasing afterload (1). The increased afterload 
may also aggravate the pathophysiology of structural defects with 
a left-to-right shunt (6). 

However, local autoregulation may maintain blood flow to 
vital organs, offsetting the generalized vasoconstriction due to 
angiotensin 11. The role of the increased angiotensin I1 produc- 
tion may then be to maintain arterial pressure in the autoregu- 
latory range and to preserve organ blood flow despite a reduction 
in cardiac output (5). If that were the case, inhibiting the for- 
mation of angiotensin I1 with a converting enzyme inhibitor 
might actually impair renal function and possibly organ blood 
flow in general if the arterial pressure fell below the autoregula- 
tory range. To test the hypothesis that the stimulation in the 
renin-angiotensin system with a structural heart defect is patho- 
logic and adversely affects the hemodynamics, we created a VSD 
in lambs. We then determined the dose reponse characteristics 
of captopril, an angiotensin-converting enzyme inhibitor. Both 
the global hemodynamics and the regional organ blood flow 
effects of captopril were studied in nonanesthetized, chronically 
instrumented animals with electromagnetic flow probes and 
radionuclide-labeled microsphere injections. 

MATERIALS AND METHODS 

The technique used to create the VSD has been previously 
described (4) and was not significantly altered. In essence, lambs 
were obtained in the first 2 wk of life and weaned to bottle 
feedings of a fixed amount. A plastic grommet (8 mm ID) was 
subsequently inserted across the ventricular septum after entry 
via the right atrial appendage. All surgery was performed with 
ketamine anesthesia. After a 10-day recovery period, the lambs 
were instrumented as previously described (7) with aortic and 
pulmonary artery catheters and electromagnetic flow probes, as 
well as left and right atrial pressure catheters. Animals were then 
allowed to recover for 1 wk after instrumentation before any 
data collection. 

On the day of study, the lambs were brought to the laboratory 
and allowed to equilibrate for 30 min before drug administration. 

There is clinical and experimental evidence that the renin- An arterial blood gas analysis was performed. Control data were 
angiotensin system is stimulated both by alterations in myocar- then obtained which included phasic and mean aortic and pul- 
dial performance and by structural lesions that result in a left- monary artery pressures and flows and left and right atrial 
to-right intracardiac shunt (1-4). Presumably, the stimulus for pressures. The heart rate was continuously monitored. We have 
renin release is a perceived reduction in renal perfusion and, as previously shown that this model is stable over the 2-h period of 

observation (7). A total of 12 lambs had a VSD made, and a 
minimum of five animals was used for each experimental 
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in purity during storage. The captopril was prepared fresh on the equations were generated: 
day of experimentation and was administered intravenously as a 

organ flow Q, = QS (Mx/MT) bolus in doses of 0.05, 0.5, 2.0, 5.0, and 10.0 mg/kg. At doses of 
2 mg/kg or more, only one dose was given in a 24-h period. The 

MQS/MT 

QS M, drug was filtered through a 0.45 p Millipore filter before admin- which is reduced to Q, - istration to the animals to sterilize the solution. Hemodynamic 
variables were then monitored and recorded every 15 min for 2 

M ~ s  

h after drug administration. where MQ, = 
MREF 

Bloodflow determinations. Electromagnetic flow probes were (QREFIQs) 
calibrated (in vitro) before implantation on lamb blood vessels 
of a similar size and thickness to those expected. On the day of 
data collection, the probe cable was attached to a Biotronix 6 13 
s i i i~  -wave flow meter, and only one probe was energized at any 
given time to prevent cross-talk between the different probes. 
The mean flow value was used to determine flow in either the 
ascending aorta or main pulmonary artery as previously de- 
scribed (7). Blood flow determinations were performed with each 
data point, and paired evaluations were performed before and 
immediately after the injection of microspheres. 

Microsphere injections. To determine organ blood flow, radi- 
olabeled microsphere injections were performed on six lambs 
using standard techniques (8, 9). Approximately 2.0 x lo6 15 p 
microspheres labeled with either 85-Sr, 5 1-Cr, or 141-Ce were 
counted, agitated, and then injected over 20 s via the left atrial 
catheter. The heart rate and blood pressure were monitored 
during the injection and were noted to be stable. A reference 
blood flow sample was withdrawn at approximately 10 ml/min 
with a Harvard infusion pump from the thoracic-aortic arterial 
catheter for 1.5 min. Arterial samples evaluated after this with- 
drawal phase had only background activity. Microsphere injec- 
tions were performed in the control period and then again 45 
min after a captopril dose of 5 mg/kg. The order of microsphere 
label used for injections was varied randomly. Only two injec- 
tions were performed in each animal. At the end of the data 
collection period, the lambs were euthanized. The heart, lungs, 
and kidneys were then dissected free of connective tissue and fat. 
The myocardium was divided into right ventricular, septal, and 
left ventricular components. In addition, a 1.5-cm punch biopsy 
specimen was obtained from the left ventricular free wall, away 
from the papillary muscles, and this section was divided in half 
into endocardia1 and epicardial portions with a slicing device. 
The myocardial thickness was recorded. Both the right and left 
kidneys were harvested and counted and were compared as a 
control for the adequacy of microsphere mixing. Large biopsy 
specimens (approximately 25 g) were obtained from the liver, 
duodenum, and the quadriceps. Samples were counted in a 
packard gamma spectrometer. Isotope separation was performed 
with a least squares analysis, and the data were expressed as the 
percent of total radioactivity injected per gram of tissue. 

Data calculation and statistical analyses. All data were ex- 
pressed as the mean and SD from number of animals. Systemic 
and pulmonary arteriolar resistance was calculated and hemo- 
dynamic data evaluated as previously described (7). The left 
ventricular external minute work was calculated as the product 
of total left ventricular output times mean aortic blood pressure 
because the VSD was pressure restrictive. The organ blood flow 
was derived from both the microsphere data and the electromag- 
netic flow data. The reason for using the combined evaluation is 
that with a VSD portion (if not most) of the microspheres may 
be removed from the systemic circulation (left ventricle) to the 
pulmonary circulation before adequate mixing, even with a left 
atrial injection. To accomodate this potential technical problem, 
we used the following equation to calculate the organ blood flow. 
Inasmuch as total systemic blood flow (minus coronary blood 
flow) from the ascending aortic flow probe was known and the 
percent of total injected microspheres that appeared in the per- 
cent of cardiac output in the aortic reference sample was known, 
the percent of injected microspheres which actually appeared in 
the systemic circulation could be calculated. Thus the following 

(Q, = unknown organ blood flow, Qs = cardiac output (flow 
probe), QREF = aortic reference sample withdrawal rate, Mx = 
the number of microspheres in organ x, MT = the total number 
of microspheres injected, MQs = the total number of microspheres 
in the systemic blood flow, and MREF = the total number of 
microspheres in the reference sample.) 

The statistical evaluation of the data was performed with an 
analysis of variance and Dunnett's technique for comparing 
posttreatment values with a control. The effects of captopril on 
organ blood flow were evaluated with a paired t test and the 
Bonferroni adjustment of the critical values. A value o f p  < 0.05 
was chosen to indicate a significant effect. 

RESULTS 

Hemodynamics. There was a dose-dependent reduction in 
systemic resistance 30 min after the intravenous administration 
of captopril. The peak reduction of 36% occurred a a dose of 5 
mg/kg. The EDso for the reduction in systemic resistance was 
approximately 0.5 mg/kg. The reduction in systemic resistance 
after captopril reached peak effect by 30 min and plateaued 
during the remainder of the observation period. The pulmonary 
arteriolar resistance showed a dose-dependent increase after cap- 
topril with a maximum increase at 30 min of 75% at a dose of 2 
mg/kg (Fig. 1); by 60 min this had increased to 113% (Fig. 2). 
At a dose of 2 mg/kg or more, the effects of captopril on the 
vascular beds persisted for over 2 h but had disappeared by 24 
h. The systemic output was increased after captopril with a 
similar dose response as seen for the systemic resistance. After a 
2 mg/kg dose of captopril, the Q,/Qs ratio decreased from 3.3 1 
f 0.59 to 2.19 f 0.29, the left-to-right shunt fell by 30%, and 
the systemic flow increased from 2.17 f 0.46 to 2.86 f 0.54 
liter/min/M2 (+3 1 %, p < 0.05). 

t 
8 
I PULMONARY ARTERIOLAR 
0 '- RESISTANCE (Rpl 
K 
LL A- SYSTEMIC RESISTANCE ( R s )  

1 2  5 10 

CAPTOPRIL DOSE (mg/kg) 

F i g .  1. D o s e  response  c u r v e  of t h e  sys temic  (R,) a n d  p u l m o n a r y  
a r t e r i o l a r  resistance (R,,) t o  c a p t o p r i l  in l a m b s  with VSD. 



EFFECTS OF CAPTOPRIL WITH VSD 50 1 

At 30 min, after a dose of 5 mg/kg, the systemic output 
increased by 33%, and the total pulmonary blood flow (systemic 
venous return and left-to-right ventricular level shunt) decreased 
by 17%. However, the left-to-right shunt flow across the VSD 
was reduced by 37% (Table I). Therefore, the fraction of left 
ventricular output distributed to the systemic circulation in- 
creased from 31 to 48%. The 33% increase in total systemic 
output was accompanied by a 30% decrease in indexed left 
ventricular external minute work (Table 1). These hemodynamic 
changes were significant. 

Despite only a 17% reduction in total left ventricular output 
(total pulmonary blood flow), the mean left atrial pressure fell 
by 25% at 30 min and continued to decrease with a maximum 
of 38% at 1 h. The left ventricular external minute work, when 
normalized to the mean left atrial pressure, was unchanged (30 
versus 28 liter/min/M2). The heart rate was not significantly 
changed by any dose of captopril at any point in time. The mean 
aortic pressure (Table 2) decreased from 7 1.2 + 8.1 to 67.4 + 
9.1 mm Hg after the 2 mg/kg dose of captopril, but this was an 
insignificant change. There was no significant change in either 
the aortic or pulmonary pressures at any observation point 
or dose. 

Microsphere data. The hemodynamic characteristics of the six 
lambs studied with microspheres were similar to the other ani- 
mals studied for the dose response to captopril. The arterial 
blood gas analysis was normal before microsphere injection, and 
there was no significant change in any of the arterial blood gas 
parameters after microsphere infusion. Similarly, no significant 
change in heart rate or blood pressure was detected during the 
infusions. Paired evaluations of the hemodynamic data did not 
show any effect on the left-to-right shunt as a result of micro- 
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Fig. 2. Effect of captopril on systemic resistance (R,), pulmonary 
arteriolar resistance (R,), and mean left atrial pressure (LA) as a function 
of time. The error bars indicate the SD and all points were significantly 
different from control. 

sphere infusion. After captopril administration, there was a fall 
in the systemic resistance and a rise in pulmonary resistance in 
these animals as also demonstrated in the dose response section. 
In addition, there was a fall in both left and right atrial pressures. 
The organ blood flow data are shown in Table 3. After captopril, 
there was no significant change in blood flow to any of the organs 
evaluated, although all of the flows tended to increase. Satisfac- 
tory mixing of the microspheres was demonstrated by right and 
left renal blood flow values within 5% of each other for each of 
the individual animals and within 2% of each other for the 
group. The right renal flow increased by 14% from 445 + 196 to 
505 a 257 m1/100 g, but the change was not significant with this 
number of animals and the broad SD. The largest individual 
percent reduction in renal flow was 14% whereas the largest 
individual increase was 25%. Similarly, the left ventricular blood 
flow increased from 228 + 45 to 244 k 82 m1/100 g, but again 
the change was insignificant. However, the ratio of left ventricular 
endocardia1 to epicardial blood flow was significantly increased 
from 1.17 + 0.27 to 1.49 + 0.14 (27%, p < 0.05). The total right 
ventricular blood flow per gram of tissue tended to be less than 
the septal (data not shown) and left ventricular blood flow, but 
this difference was not significant. 

DISCUSSION 

The vasoconstricting action of the renin-angiotensin system 
promotes the pathologic cascade of increasing left-to-right shunt 
through a ventricular septal defect (4). The data presented in our 
report indicate that inhibition of converting enzyme activity with 
captopril favors the distribution of left ventricular output to the 
systemic circulation and reduces total pulmonary blood flow. 
The external minute work of the left ventricle is lowered and the 
left ventricular filling pressure is reduced despite the increase in 
systemic blood flow. The actions of captopril are mediated by a 
reduction in systemic resistance and a rise in pulmonary arteri- 
olar resistance. 

The effects of captopril on systemic resistance show saturation 
kinetics as demonstrated by the steep dose response curve with 
an EDSO of approximately 0.5 mg/kg. Maximum effect of cap- 
topril occurred at 2 mg/kg, and increasing the dose further to 10 
mg/kg produced no greater hemodynamic effect. There was no 
dose of captopril that significantly lowered the systemic blood 
flow or aortic pressure, possible detrimental effects, in this model. 

Table 2. Pressures versus time after captopril (n = 9; mean f 
SD)*tll 

Control 15 Min 30 Min 60 Min 

Ao (mm Hg) 71.2 + 8.1 63.0 k 9.7 62.4 + 11.9 67.4 rt 9.1 
PA (mm Hg) 28.6 k 6.2 28.3 k 6.4 30.1 rt 6.7 31.3 rt 8.8 
LA (mm Hg) 17.3 k 3.4 13.5 + 3.44 13.0 f 3.7$ 10.8 f 2.84 
HR (beats/min) 148 rt 25 156 k 28 153 + 25 160 rt 30 

* Ao, PA, LA, mean aortic, pulmonary artery, and left atrial pressure, 
respectively. 

t 2 mg/kg. 
$ p < 0.05. 

Table 1. Flow uarameters and cautouril dose (mean + SDI* 

0.05 mg/kg (n = 5) .0.5 mg/kg (n = 5) 5 mg/kg (n = 6) 

Control 60 min % change Control 60 min % change Control 60 min % change 

Q, liter/min/M2 2.24 + 0.45 2.31 + 0.59 +3 2.15 + 0.5 2.8 & 0.6 +30t 2.25 + 0.31 2.8 k 0.46 +24t 
Q, liter/min/M2 7.3k1.3 7.3rt1.4 0 7.3 + 1.2 6.7 + 1.2 -8 7.6 k 1.8 6.3 rt 1.2 -17 
Q d Q s  3.3 k 0.6 3.2 k 0.6 -3 3.45 k 0.6 2.52 f 0.8 -27t 3.4 + 0.5 2.2 + 0.4 -351 
QL-R liter/min/M2 5.0k1.0 5.0k1.1 0 5 .1k0.9 3 . 9 f 1 . 2  -24t 5 .4k1.6 3 .4k1.1 -37t 
LVEMW liter/min/M2/mm Hg 546 f 110 537 + 96 -2 558k108  464+81 -17 531+124 3 7 8 f 9 9  -297 

* Q,, systemic flow; Q,, pulmonary flow; QLR, left-to-right shunt flow across VSD; LVEMW, left ventricular external minute work. 
t p < 0.05. 
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Table 3. Organ bloodf70w* pre- and postcaptopril (n = 6, mean reproducibility as demonstrated by comparing right and left renal 
+ SD)? flows. Organ blood flow was  reserved and tended to increase. 

Control Postcaptopril$ % change 

Right kidney 445 f 196 505 + 257 +I4 
Left kidney 438 t 198 501 + 260 +I4 
RV myocardium 201 t 32 224 + 69 + I  1 
LV myocardium 228 + 45 244 + 82 + 7 
LV endo/epi 1.17 + 0.27 1.49 t 0.14 +27§ 
Liver 40.6 * 3.7 44.8 f 4.0 +I0 
Duodenum 148 t 46 164 -+ 82 + I  1 
Quadriceps 7.7 t 1.3 9.6 f 2.3 +25 
Systemic blood flow 104 t 20 133 f 27 +28§ 

(ml/kg/min) 

* Expressed in m1/100 g tissue/min, n = 6. 
t RV, right ventricular; LV, left ventricular. 
$ Measured 45 min after intravenous captopril(5 mg/kg). 
6 D < 0.05. 

It has been demonstrated that the immature animal appears 
to depend more on the renin-angiotensin system than the sym- 
pathetic system to maintain systemic resistance (10). The renin- 
angiotensin system responds to the relative sodium-wasting state 
of the immature (I I). The data from the VSD lamb show that 
inhibition of the renin-angiotensin effect on systemic resistance 
can be compensated for by other mechanisms. The reduction in 
systemic resistance after captopril resulted in only an insignifi- 
cant drop in blood pressure at all doses inasmuch as there was a 
corresponding increase in systemic blood flow with each incre- 
ment of reduction in systemic resistance. 

The explanation for the rise in calculated pulmonary arterial 
resistance with captopril is uncertain. In normal individuals from 
several species including ovine, angiotensin I1 has a mild vaso- 
constricting effect on the pulmonary vasculature (1 2- 14). Age 
and resting pulmonary vascular tone may affect response to 
angiotensin I1 (14, 15). Conversely, there is usually a mild 
pulmonary vasodilation with captopril (12). We have observed 
similar results in normal lambs. In lambs with VSD, angiotensin 
I1 infusion (pre- or postcaptopril) into the aorta has a pulmonary 
vasodilating effect, whereas infusion into the left atrium or 
pulmonary artery does not cause vasodilation (4). We infer from 
these data that the effects of angiotensin I1 (or captopril) on the 
pulmonary bed are indirect and possibly related to metabolism 
of angiotensin. We have observed in normal lambs (data not 
shown) that angiotensin I11 infusion into the pulmonary artery 
does indeed have a vasodilating effect. Captopril would prevent 
the conversion of either angiotensin I or I1 to angiotensin 111. 
Pulmonary conversion to angiotensin I1 may be inhibited by the 
hyperoxic environment of the pulmonary vasculature with VSD 
(1 6), perhaps shifting angiotensin metabolism to the periphery. 
Certainly, other possible explanations (such as prostaglandin 
metabolism) exist to explain the response with VSD (17, 18). 
The marked fall in left atrial pressure may also contribute to the 
rise in pulmonary arteriolar resistance (19). In fact, the time 
dependence (Fig. 2) of the effects on the pulmonary resistance 
suggests that more than one mechanism may be operational. In 
any event, the transpulmonary pressure drop almost doubled 
after captopril in VSD lambs. The fact that the VSD was pressure 
restrictive would tend to isolate the pulmonary bed from changes 
in the systemic bed, making a passive response of the pulmonary 
bed to changes in systemic resistance unlikely. 

Under basal conditions the systemic cardiac output in this 
study was low, although in a similar range to previously reported 
values for normal animals at 4-6 wk of age, and organ blood 
flow was normal (20). Using both the flow probe-measured 
cardiac output and the reference aortic sample permitted deter- 
mination of organ flow despite the loss of microspheres to the 
pulmonary circulation through the VSD. There was excellent 

although ihese changes were hot statistically significant. ~ h u s i  
the hypothesis that renin-angiotensin I1 stimulation may preserve 
renal blood flow and is important in maintaining other organ 
flow can be rejected. Inasmuch as angiotensin I1 effect promotes 
the left-to-right shunt and does not enhance organ blood flow 
(including renal), it appears that the response of the renin- 
angiotensin system to a VSD is pathologic and that inhibition 
with captopril is physiologically beneficial. 

The hemodynamic improvement with captopril would explain 
the change in microsphere-determined myocardial blood flow 
distribution. The endocardial-epicardial ratio increased signifi- 
cantly without a change in total myocardial flow. The redistri- 
bution of epicardial flow to the endocardium reflects the reduc- 
tion in wall tension due to the lowered afterload and preload 
(left atrial pressure) (21). Inasmuch as myocardial external min- 
ute work was also reduced, captopril may favorably alter myo- 
cardial oxygen balance and reserve. 

The stimulation in the renin-angiotensin system may be due 
to congestive heart failure and a relatively decreased cardiac 
output (3, catecholamine stimulation (22), or possibly the ele- 
vation in right atrial pressure and secondary increase in renal 
venous pressure (23). Increased atrial pressure may also cause 
release of ANF (24). Human studies have shown an increase in 
ANF with congestive failure due to VSD which may be related 
to elevated atrial pressures (5). ANF is known to antagonize 
many of the renin-angiotensin effects (23, 26); however, it does 
not seem to directly cause renin release and may, in fact, suppress 
renin secretion (27). Data on ANF in lambs with congestive 
failure are not presently available. The data presented here 
indicate that there is significant converting enzyme-dependent 
vasoconstriction despite the possible elevation of ANF. The rapid 
reduction in systemic resistance with captopril precedes changes 
in atrial pressure; thus it would be unlikely that captopril effect 
is mediated by change in ANF release. Captopril will also influ- 
ence bradykinin metabolism, and some of the effects of captopril 
may be due to actions other than changes in angiotensin I1 
production (28). However, we have previously shown that angio- 
tensin I1 infusion completely reverses the effects of captopril(4). 

Two areas of caution would be appropriate when trying to 
extrapolate these data. First, the animals for this project were 
allowed to maintain fluid balance without the influence of di- 
uretic agents. In the situation of relative hypovolemia due to 
aggressive pharmacologic diuresis, it is possible that captopril 
may decrease preload, cardiac output, and thus organ blood flow 
(5). Second, although it appears that there is a selective effect on 
the systemic resistance as compared to the pulmonary resistance 
with captopril, these data were obtained in lambs with a VSD 
that imposes some inherent resistance due to its size (i.e. restric- 
tive). With a larger, unrestricted ventricular septa1 defect it may 
be that the reduction in systemic resistance could not fully be 
compensated for by increases in systemic flow and reduction in 
pulmonary flow, and thus systemic arterial pressure and organ 
perfusion may be reduced. 

The hemodynamic data presented here are similar to the 
beneficial effects reported for captopril with congestive failure 
due to poor myocardial function in the mature (29). These data 
extend the potential application of converting enzyme inhibitors 
to structural cardiac defects with congestive failure in the im- 
mature individual inasmuch as renin-angiotensin stimulation 
contributes to the pathologic cascade. 
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