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Circulatory Effects of Sodium Nitroprusside in
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ABSTRACT. We studied the effect on the circulation of
reducing peripheral vascular resistance by infusing sodium
nitroprusside into lambs of three different age groups
(subgroup A, 11-26 days, subgroup B, 32-52 days, and
subgroup C, 61-88 days of age) with and without an
aortopulmonary left to right shunt. Infusion of 10 ug/kg/
min nitroprusside over 2 h decreased aortic and left atrial
pressures markedly and increased heart rate, whereas sys-
temic, pulmonary, and left to right shunt blood flows hardly
changed. Within 30 min after the onset of infusion, the
hemodynamic variables stabilized. Aortic and left atrial
pressures were still below control levels at that time. The
different flows remained the same and heart rate, after an
initial fall, increased again. The pattern of hemodynamic
changes was not influenced by age or the presence of an
aortopulmonary left to right shunt. Based on this study,
we do not advocate sodium nitroprusside administration in
case of a left to right shunt with normal arterial pressure
and systemic blood flow. (Pediatr Res 25:44-48, 1989)

Afterload reduction has been widely used in patients with
impaired ventricular performance (1, 2). Until recently, experi-
ence with afterload reduction in the pediatric age group was
limited (3). However, because acute experimental studies first
showed the dilatation of systemic resistance vessels diminished
the magnitude of a left to right shunt across a ventricular septal
defect (4), vasodilator treatment of infants with such a defect has
become more common (5-7).

The results of these studies, however, show no uniformity.
This might be a result of the selection of patients or the type of
vasodilator used or it might result from the timing of the hemo-
dynamic measurements. The measurements may have been
taken before hemodynamic stabilization had set in. This stabili-
zation may take some time, as was shown during the infusion of
sodium nitroprusside into lambs without a shunt (8). Conse-
quently, measurement of the instantaneous hemodynamic
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changes evoked by a vasodilator over a longer period would be
preferable. However, in patients this is not feasible.

Therefore, we designed the present study with the objectives
to examine the changes in pulmonary, systemic, and left to right
shunt blood flow caused by sodium nitroprusside in lambs with
an aortopulmonary left to right shunt and to compare these
hemodynamic changes to those in lambs without a shunt. More-
over, we wanted to assess the influence of age on the response to
sodium nitroprusside. Sodium nitroprusside was chosen because
it dilates not only arterial but also venous vessels (9), which in
case of a substantial left to right shunt could reduce the increased
preload favorably.

MATERIALS AND METHODS

A total of 38 lambs of mixed breed and documented birth
dates were studied. They were divided into two groups: lambs
with (S) and without an aortopulmonary left to right shunt (C).
Each group was split into three subgroups according to their age
on the day of the study: A (11-26 days), B (33-52 days), and C
(61-88 days). Throughout the study, each lamb remained with
its mother except for the lambs of subgroup C.

Surgical Procedures. Anesthesia was induced by inhalation of
2-3% halothane in oxygen. The lamb was intubated with a
cuffed endotracheal tube, placed on a warming pad, and venti-
lated with 0.5-1.0% halothane in oxygen by an Engstrom inter-
mittent positive-pressure respiratory pump (Engstrom, Bromma,
Sweden). Inspiratory volume was 10-15 ml/kg. The initial pump
frequency was 15-20 cycles/min, and end tidal pressure was 2
cm H;O. Analgesia was maintained with 2 mg/kg intramuscular
piritramide.

Using sterile techniques, we performed a left thoracotomy in
the third or fourth intercostal space. Polyvinyl catheters (i.d. 1.0
mm, o0.d. 1.5 mm) were inserted into the internal thoracic artery
and vein, and advanced to the brachjochephalic trunk and
superior vena cava, respectively. The pericardium was incised
over the main pulmonary artery. Special care was taken not to
damage the sympathetic and vagus nerves. In the shunt lambs,
after removal of connective tissue around the aorta and pulmo-
nary artery, a Goretex conduit (i.d. 6 or 8§ mm; W.L. Gore and
Assoc. Inc., Flagstaff, AZ) was sutured between the descending
aorta, at the level of the fibrotic string of the ductus arteriosus,
and the main pulmonary artery. Through purse string sutures,
catheters were inserted into the pulmonary artery, the right
ventricle, and through the left atrial appendage, into the body of
the left atrium. Precalibrated electromagnetic flow transducers
(i.d. 9-15 mm; Skalar Medical, Delft, The Netherlands) were
placed around the ascending aorta just above the coronary
arteries and around the pulmonary artery proximal to the con-
duit. An 8F polyvinyl catheter was placed in the left pleural
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cavity for chest drainage. No attempt was made to close the
pericardium. All catheters and the two flow transducer cables
were led to the skin on the left flank and protected by a Teflon
cloth pouch that was sewn to the skin after the chest had been
closed in layers.

For the control lambs, surgical instrumentation was the same,
except for the conduit, the flow transducer around the aorta, and
the right ventricular catheter. All catheters except the one for
chest drainage were filled with heparin and plugged.

On the day of surgery and days 1-4 postoperatively, we in-
jected 50 mg/kg of ampicillin intramuscularly. Moreover, once
a week we injected 300 mg of iron intramuscularly and gave
aspirin in an oral dose of 10 mg/kg to prevent conduit thrombosis
in the shunt lambs. The heparin was drained from the catheters
daily, after which they were flushed with 0.9% saline solution
and refilled with heparin. We allowed the lambs at least 3 days
to recover from surgery before starting the experiments (10).

Experimental Protocols. Preinfusion protocol. The lambs were
allowed to feed until 2 h before the measurements. Then they
were weighed and placed in a canvas sling which supported them
in the upright position. Data were collected only when the lambs
were calm and resting. During the preinfusion period in the
shunt lambs, pulmonary blood flow minus coronary blood flow
and systemic blood flow were measured continuously with the
electromagnetic flow transducers around the aorta and the pul-
monary artery, respectively. Moreover, we measured aortic, pul-
monary arterial, left atrial, and central venous pressures every 5
min. Blood samples were withdrawn from the aorta to determine
blood gases, pH, and Hb concentration. Because ambient tem-
perature influences oxygen consumption and cardiovascular
function both at rest and during stress (11), we kept it between
22-23°C. Preinfusion measurements were taken for a 30-min
period. In the control lambs, we only measured pulmonary blood
flow as this equals systemic blood flow.

Nitroprusside protocol. We infused sodium nitroprusside in
quantities of 5 and 10 ug/kg/min for 1 and 2 h, respectively, and
measured the same hemodynamic variables as during the prein-
fusion period. After the infusion of 5 ug/kg/min nitroprusside,
we studied the lambs for a 30-min recovery period, whereas the
lambs infused with 10 ug/kg/min of nitroprusside were studied
for a 60-min recovery period. The sequence of the two concen-
trations of nitroprusside infusion was randomized. The interval
between the two studies was 48 h or more.

Measurements and Calculations. Aortic, pulmonary arterial,
left atrial, and systemic venous pressures were measured with
Gould P23 ID transducers (Spectramed Inc., Oxnard, CA) ref-
erenced to atmospheric pressure with 0 obtained at the mid-chest
position. The precalibrated electromagnetic flow transducers
were connected to Skalar MDL 400 flow meters. Heart rate was
obtained from the blood flow signal with the aid of a cardiota-
chometer. All variables were recorded on an Elema Mingograf
800 ink-jet recorder (Siemens-Elema AB, Solna, Sweden). Blood
gas tensions and pH were measured with a Radiometer ABL2
blood gas analyzer (Radiometer A/S, Copenhagen, Denmark);
Hb concentration was measured by the cyanmethemoglobin
method. The left to right shunt flow was calculated by subtracting
systemic from pulmonary blood flow, and the left to right shunt
fraction was obtained by dividing left to right shunt flow by
pulmonary blood flow. Pulmonary and systemic vascular resist-
ance were calculated according to standard equations.

Analysis. Results are expressed as means = SEM. Statistical
analysis was done separately for each variable. Two-way analysis
of variance with replication and unequal samples was used within
the shunt and the control lambs to test the response to the
infusion of nitroprusside, the effect of age and their interaction
(12). The same was done within the age-related subgroups of
shunt and control lambs to test the response to the infusion of
nitroprusside, the effect of the presence of a left to right shunt,
and their interaction. One-way analysis of variance was used for
the pooled data of the left to right shunt flow and fraction to test

the response to sodium nitroprusside. The statistical significance
of differences was determined by the Newman-Keuls procedure
(13). A value of p < 0.05 was accepted as significant.

RESULTS

The ages and weights, the mean arterial pH, blood gases, and
Hb concentrations of the three subgroups of the shunt and
control lambs are given in Table 1. Within each age group, these
variables were not significantly different between shunt and
control lambs. Preinfusion hemodynamic data are in Table 2.
There were some significant age-related differences in resting
hemodynamic variables within the shunt group and within the
control group. Heart rate in subgroup A was higher than in
subgroup C of the shunt lambs and subgroups B and C of the
control lambs. In addition, systemic blood flow was higher in
subgroup A without a shunt, as compared with subgroups B and
C. Systemic vascular resistance in subgroup A with a shunt was
lower than in subgroup B.

Pulmonary blood flows in all lambs with a shunt were higher
than in age-matched controls. Left atrial pressures tended to be
higher in lambs with a shunt but was significant only in subgroup
B. Heart rates in lambs with a shunt in subgroups B and C were
significantly higher than in the age-matched control lambs. Sim-
ilarly, the systemic vascular resistance in subgroup B of the shunt
lambs was significantly higher than in the control lambs.

Responses to Nitroprusside. Because the effects of the infusions
of 5 and 10 ug/kg/min were qualitatively similar, only the effects
of the 10 ug/kg/min infusion will be reported (Fig. 1, Table 2).
About 2 to 3 min after the onset of the infusion, mean aortic
blood pressure fell consistently, whereas left atrial pressure, heart
rate, and cardiac output fluctuated for about 15 min. Then there
was a gradual adjustment, and at 30 min after the onset of the
infusion, all hemodynamic variables were stable until the end of
the infusion.

The significant fall in mean aortic blood pressure reached its
nadir at about 5 min after the onset of the infusion in all
subgroups (Fig. 1). After the maximum decrease, the mean aortic
pressure gradually increased again to values that were still signif-
icantly lower than the preinfusion values, except for those in
subgroups B and C of the shunt lambs (Table 2). After the end
of the infusion the mean aortic blood pressure increased signifi-
cantly in all subgroups to values which were even significantly
higher than the preinfusion values, except for subgroup A of the
shunt lambs.

Left atrial pressure tended to decrease in all subgroups and
increased again after the end of the nitroprusside infusion.
Throughout the entire study period, left atrial pressures in
subgroup B were at corresponding times almost always higher in
lambs with a shunt than in control lambs.

Heart rate increased immediately after the onset of nitroprus-
side infusion in all subgroups. After this initial increase, heart
rate fell and then increased again, but now more gradually, to
reach a plateau within 30 min. Except for subgroups A and B of
the shunt lambs, heart rates were now significantly higher than
during the preinfusion period. After the end of the infusion
period, heart rate rapidly fell to preinfusion values. At 60 min,
subgroups B and C of the control lambs had significantly lower
heart rates than subgroup A.

Initially, systemic blood flow tended to increase, but after this
initial increase, it fell close to preinfusion values and remained
at this level until the end of the infusion period. During the
nitroprusside infusion in the control as well as in the shunt
lambs, groups B and C had significantly lower systemic blood
flows at corresponding times than group A.

Pulmonary blood flow did not change significantly in the shunt
lambs during the infusion of nitroprusside. At corresponding
times, pulmonary blood flow was always significantly higher in
the shunt lambs than in the age-matched control lambs. The left
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Table 1. Wt and ages, and arterial pH, blood gas data, and Hb concentration during the preinfusion period in three age groups of

shunt and control lambs*

Groups Shunt Control

Subgroups A B C A B C
n 8 6 5 6 7 6
Age (days) 22+2 44+ 3 70+ 3 17+2 41 £2 81+4
Wt (kg) 9.9+09 163+ 1.0 193+ 1.7 7.6 0.8 14.0 = 1.1 228+24
pH 7.40 £ 0.02 7.41 +0.04 7.45 = 0.03 7.40 = 0.02 7.44 £ 0.01 7.46 + 0.02
Pco, (mm Hg) 48 = 4 42 £ 1 41 1 39+ 1 41 +2 43+ 4
Po, (mm Hg) 84+ 5 88+ 3 975 94+ 3 975 100£5
Hb (g/dl) 9.0+0.6 10.2 £ 0.6 9.3+0.6 95+ 1.0 1.1 £06 9.7+0.3

* Values are means = SEM. Subgroup A, 11-26 days; B, 32-52 days, and C, 61-88 days of age.

Table 2. Hemodynamic preinfusion data and response at 60 min to 10 pg/kg/min sodium nitroprusside infusion in all three age
groups of the shunt and control lambs*

Preinfusion Nitroprusside
Subgroups
S C S C
Mean aortic pressure (mm Hg) A 65+2 722 54 = 2t 61 £ 2t
B 77 £2 78 + 4 66 + 2 65 + 3t
C 74 £3 81 £3 66 £4 66 = 3+
Mean left atrial pressure (mm A 12+ 1 8+2 9+1 72
Hg) B 14 + 1§ 7+1 10 £ 1§ 4+1
C 14+£3 10 +£2 11+2 3+2
Heart rate (beats/min) A 201 +9 208 = 12 236 = 10 267 = 177
B 181 + 12§ 140 + 10% 2149 212 + 81%
C 161 + 20§ 111 = 4% 219 = 5t 183 £ 9%
Systemic blood flow (ml/min/kg) A 154 = 19 202 £ 18 189 = 20 220 £+ 19
B 102 + 11§ 133 £ 7% 102 £ 11% 128 = 9%
C 122+ 9 134 £ 7% 137 + 15% 141 £ 13%
Pulmonary blood flow (m!/min/ A 291 £ 27§ 202 £ 18 314 + 29§ 220+ 19
kg) B 236 = 16§ 133 £ 7% 236 = 11§ 128 = 9%
C 234 + 16§ 134 = 7% 247 + 13§ 141 = 13%
Systemic resistance (mm Hg- A 425 £ 61 348 + 35 286 = 35 276 + 34
min - kg/liter) B 717 + 711§ 473 £ 27 609 + 641§ 415 + 21
C 576 + 58 520 £ 61 463 + 69 429 + 27
Pulmonary resistance (mm Hg- A 55+ 14 70+ 15 37+ 8 54+ 11
min - kg/liter) B 61+ 10 82 +123 52+11 76 £ 6
C 38+5 50+5 32+6 56 £ 11

* Values are means = SEM. S, lambs with an aortopulmonary left to right shunt; C, control lambs. Subgroup A, 11-26 days; B, 32-52 days; C,
61-88 days. 7 is as given in Table 1. Two-way analysis of variance with replication and unequal samples and the Newman-Keuls test using rank
sums: versus preinfusion value:  p < 0.05; versus lambs of subgroup A within the same group: § p < 0.05; versus age-related lambs of the control

group: § p < 0.05.

to right shunt flow was hardly affected at any time during the
infusion.

Systemic vascular resistance decreased in all subgroups directly
after the onset of the nitroprusside infusion. After this decrease,
resistance returned towards preinfusion values, except for the
systemic vascular resistance of subgroup B of the shunt lambs,
which at 60 min was still significantly lower than the preinfusion
value. After the end of the infusion, systemic vascular resistance
increased abruptly and returned at 30 min after stopping the
infusion to values that were, except for both subgroups A,
significantly higher than preinfusion levels.

Pulmonary vascular resistance did not change significantly
during the nitroprusside infusion in any of the subgroups.

DISCUSSION

Before the results are discussed, a few methodologic aspects of
the study should be considered. We were not successful in setting

up a group of newborn lambs with a substantial left to right
shunt. They usually died shortly after the operation, probably
because of their limited ability to increase systemic blood flow
during an acute increase in preload (14).

It might be argued that our technique of calculating left to
right shunt flow and fraction would lead to erroneous results
because the electromagnetic flow transducer around the aorta
measures left ventricular output minus coronary blood flow,
which in this case is pulmonary blood flow minus coronary
blood flow. Coronary blood flow can be substantially increased
under stress (15). This was also seen in lambs with an aortopul-
monary left to right shunt, in which coronary blood flow was
measured with radionuclide-labeled microspheres (16). With a
left to right shunt of about 50% of pulmonary blood flow,
coronary blood flow was about twice as high as in age-related
lambs without a shunt. Using the microsphere data to correct
the left to right shunt flows obtained by the electromagnetic flow
transducers in those studies—which is valid, because a good
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i. Sequential effects of a 2-h infusion of 10 ug/kg/min of sodium nitroprusside, followed by a 1-h recovery period, on mean aortic and left

atrial pressures, heart rate, systemic and pulmonary blood flows, and systemic and pulmonary vascular resistances in shunt (O) and control lambs
(@) of 11-26 days (4), 32-52 days (B), and 61-88 days (C) of age. Data are means + SEM.

correlation exists between both methods of determining flow
(17)—resulted in only slightly larger left to right shunt fractions,
ie 56% instead of 54% of pulmonary blood flow. Because the
error was so small, we disregarded the coronary blood flow in
the determination of the left to right shunt.

Although a left to right shunt of about 50% of pulmonary
blood flow may seem small in comparison with the shunt sizes
usually found in infants who show signs of circulatory conges-
tion, we consider our experimental model well suited to evaluate
this hemodynamic disorder and its treatment. We make this
conclusion because our shunt lambs had dyspnea, probably
caused by pulmonary congestion as a consequence of their higher
left atrial pressures. Moreover, they had tachycardia, which may
be explained by increased sympathetic stimulation, for instance
by an increased release of catecholamines (18). Part of the
difference in shunt size leading to circulatory congestion may be
explained by the acute nature of the shunt in our lambs, contrary
to the infant, who is able to adapt gradually to an increasing left

to right shunt as pulmonary vascular resistance decreases steadily
during neonatal life.

However, larger left to right shunts have been found in lambs
with an artificial ventricular septal defect and a normal to high
systemic blood flow (19). Despite the larger shunts, these lambs
had substantially lower heart rates than our age-related lambs
with an aortopulmonary left to right shunt (160 versus 190 beats/
min). This difference could be related to the differences in the
two experimental models of a left to right shunt. As we previously
reported, diastolic aortic pressures were significantly lower in
Jlambs with an aortopulmonary left to right shunt than in control
lambs (16). Inasmuch as coronary perfusion predominantly takes
place during diastole, this would imply a decreased coronary
driving pressure in the lambs with an aortopulmonary shunt.
Therefore, the hemodynamic consequences of a ventricular sep-
tal defect and an aortopulmonary left to right shunt for the
myocardium itself may be different.

We expected nitroprusside to decrease the systemic to pul-
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monary vascular resistance ratio and, therefore, shunt flow,
especially because pulmonary resistance was already quite low
and, therefore, probably less sensitive to further vasodilatation.
The left to right shunt fraction and flow, however, did not change
significantly during nitroprusside infusion. But after pooling all
values, which was done because the hemodynamic responses to
nitroprusside were similar in all age groups, the shunt fraction
appeared to have decreased significantly during the first 5 min
after the onset of the nitroprusside infusion (from 51 + 3 to 40
+ %, p < 0.05). Shunt flow also decreased (from 130 + 8 to 96
+ 7 ml/min/kg, p < 0.025). After this decrease, however, the left
to right shunt flow and fraction returned to their preinfusion
levels in approximately 5-10 min, after which they stabilized.

The other cardiovascular responses induced by nitroprusside,
which was administered in doses also used in children (20), were
similar in shunt and control lambs and are in agreement with
previous findings in newborn and age-related lambs (8). In all
subgroups, the response to nitroprusside was characterized by a
substantial drop in aortic pressure, followed by an increase in
aortic pressure to values still below preinfusion levels. The cause
of this increase in aortic pressure is an increase in systemic
vascular resistance. From our data, it is unclear whether this is
related to an increase in adrenergic stimulation in response to
the sudden pressure decrease at the beginning of the infusion
period (211), to sympathetic activation of renal structures (22),
or to vasopression release after the decrease in aortic and left
atrial pressures (23).

After the initial heart rate increase during the nitroprusside
infusion, heart rate decreased in all subgroups. This decrease,
however, did not result in heart rates below those before infusion,
contrary to findings in 1-week-old lambs (8). It was suggested
that an increased vasopressin release or stimulation of ventricular
receptors was responsible for the decrease in heart rate. However,
this is only feasible when in the shunt lambs a resetting of the
receptors in question has taken place because of their substan-
tially higher left atrial pressures as compared to lambs without a
shunt.

The changes in systemic and pulmonary blood flow during
nitroprusside infusion are probably not only related to the fluc-
tuating heart rates, but also to a reduced venous return resulting
from venous pooling (9).

In summary, these studies show that intravenous nitroprusside
results in a complex, time-dependent pattern of hemodynamic
changes. This pattern is not influenced by age or the presence of
an aortopulmonary left to right shunt of about 50% of pulmonary
blood flow. Although the left to right shunt flow decreased
significantly early after the onset of the nitroprusside infusion,
this decrease was of too short a duration to consider nitroprusside
beneficial in these cases. Moreover, the potentially favorable
effect of afterload reduction by nitroprusside on myocardial
oxygen consumption is probably neutralized by the increase in
heart rate. We conclude that nitroprusside should not be admin-
istered in the case of a left to right shunt with a normal pressure
and systemic blood flow. However, the possibility cannot be
ruled out that nitroprusside might be beneficial in cases with a
normal arterial pressure and a decreased systemic blood flow.
Then, however, in view of the hemodynamic effects of the large
doses of sodium nitroprusside, the initial rate of administration
should be slow.
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