
003 1-3998/93/3303-0295$03.00/0 
PEDIATRlC RESEARCH 
Copyright O 1993 International Pediatric Research Foundation, Inc 

Vol. 33, No. 3, I993 
Prin1c.d in (I. S. A 

Myocardial Perfusion and Performance after 
Indomethacin Administration in Newborn Lambs 

R. J. M. KLAUTZ, F. V A N  BEL, D. F. TEITEL, P. STEENDIJK, AND J. BAAN 

Clinical Physiology Laboratory, Departments of Pediatrics and Cardiology, Leiden University Ilospital, Leiden, 
The Netherlands 

ABSTRACT. Indomethacin is a drug widely used to 
achieve pharmacologic closure of a patent ductus arteriosus 
in the premature infant. In several vascular beds (brain, 
kidney, intestine), indomethacin has been shown to cause 
vasoconstriction. Possible negative effects on myocardial 
blood flow and performance could be deleterious in pre- 
mature infants with limited cardiac reserve. Before, during, 
and 30 and 60 min after administration of 1 mg.kg-' of 
indomethacin in nine newborn lambs, we measured coro- 
nary blood flow velocity (Doppler flow probe around the 
left circumflex coronary artery), left ventricular (LV) pres- 
sure (by tip manometer) and volume (by conductance cath- 
eter technique), cardiac output, arterial pressure, arterial 
and venous saturations and calculated systemic and coro- 
nary vascular resistance, LV systolic function by the end- 
systolic pressure-volume relationship, and myocardial oxy- 
gen extraction. To investigate the effect of indomethacin 
on the flow regulation of the coronary vascular bed, we 
measured coronary flow and LV function under different 
levels of myocardial demand, achieved by stepwise occlud- 
ing of the descending aorta. During indomethacin infusion, 
coronary and systemic vascular resistance increased signif- 
icantly (by 43 and 76%, respectively), resulting in an 
increase in arterial pressure from 10.2 to 16.9 kPa, whereas 
neither coronary flow nor LV systolic function changed 
despite the increase in afterload. Thirty and 60 min after 
indomethacin, coronary and systemic vascular resistance 
had returned to baseline levels and LV systolic function 
remained unchanged. The relationship between coronary 
flow and cardiac demand was not different before or after 
indomethacin. These results suggest that indomethacin 
may transiently impair the ability of the newborn heart to 
respond to increased myocardial demand by causing coro- 
nary vasoconstriction but does not impair myocardial per- 
formance, either a t  baseline or in response to increasing 
demand. (Pediatr Res 33: 295-301,1993) 
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CO, cardiac output 
E,,, end systolic elastance 
ESPVR, end-systolic pressure-volume relationship 
HR, heart rate 
IVC, inferior vena cava 
LV, left ventricle 
MFVcor, mean coronary flow velocity 
Pao, aortic pressure 
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Rsyst, systemic vascular resistance 
Rcor, coronary vascular resistance 
Ricer, coronary vascular resistance index 
SV, stroke volume 
SW, stroke work 
V14, volume intercept a t  LV pressure of 1 4  kPa 
Vo, volume intercept a t  LV pressure of 0 kPa 
dP/dt,,,, maximum change in pressure per unit time 

The cyclooxygenase inhibitor indomethacin is frequently used 
for noninvasive closure of symptomatic patent ductus arteriosus 
in preterm infants. Indomethacin has also been used increasingly 
for treatment of preterm labor. Experimental and clinical studies 
have shown a vasoconstrictive action of indomethacin on the 
vascular bed of important organ systems like the brain, kidneys, 
and intestines (1-3). Some investigators also found indications 
that i.v. and oral treatment with indomethacin has negative 
effects on coronary flow and ventricular performance in humans: 
using the thermodilution technique, coronary vasoconstriction 
was found despite an increase in myocardial oxygen demand in 
adult patients with coronary artery disease (4-6). Moreover, 
Appleton et al. (6), who analyzed LV function after indometha- 
cin administration in the newborn baby using M-mode echocar- 
diography, reported that myocardial function during the diastolic 
phase was affected, whereas systolic function was not changed. 
Systolic function in the study of Appleton et al. was determined 
by the use of single-beat preejection-or ejection-phase indices of 
performance, which may not reliably assess myocardial perform- 
ance, especially when afterload is changing. 

Although there are indications that indomethacin has signifi- 
cant cardiovascular effects in neonates, its effect on coronary 
blood flow and systolic ventricular function has not yet been 
well defined. The potential negative effects of indomethacin are 
particularly important in the preterm infant with a patent ductus 
arteriosus, in whom cardiac function is compromised and coro- 
nary oxygen reserve may be limited. We therefore designed the 
present study to investigate the influence of indomethacin on 
general hemodynamics, myocardial blood flow, systolic ventric- 
ular function, and myocardial energetics. 

MATERIALS AND METHODS 

Surgical and experimental procedures used were reviewed and 
approved by the animal research committee of the Leiden Uni- 
versity Hospital. Nine newborn lambs, weighing 3.4 to 5.5 kg 
(mean 4.5 k 0.7 kg), were studied between 3 and 14 d of age 
(mean 8.8 f 3.7 d). 

Surgical protocol. After premedication with ketamine hydro- 
chloride (3 mg.kg-' i.v.), general anesthesia was maintained 
using a continuous infusion of ketamine hydrochloride (8-30 
mg. kg-'. h-' i.v.). The lambs were intubated and ventilated with 
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an oxygenlair mixture using a pressure-regulated ventilator. Ven- 
tilation was adjusted to maintain arterial Po2 and Pco2 in the 
normal range throughout the study. Pancuronium (0.2 mg. kg-') 
was administered as needed to maintain adequate muscle relax- 
ation. An i.v. infusion of 10% dextrose in 0.5 N NaCl solution 
was continued throughout the study at about 10 mL. kg-'. h-I, 
occasionally supplemented with NaHC03 as needed to maintain 
a normal base deficit (55  mmol . L-'). 

In both right and left femoral arteries and veins, 6F or 7F 
sheaths were placed using a percutaneous technique. On one 
side, 5F atrioseptostomy catheters (American Edwards Labora- 
tories, Irvine, CA) were advanced in the artery and vein to the 
mid-thoracic aorta and the IVC-right atrial junction for increas- 
ing afterload and decreasing preload, respectively. In one femoral 
artery, a 6F, eight-pole (5.5-mm interelectrode distance) pigtail 
conductance catheter (Webster Laboratories, Baldwin Park, CA) 
was advanced to the apex of the LV. The catheter was connected 
to a Leycom Sigma-5 signal-conditioner-processor (Cardio- 
Dynamics, Rijnsburg, The Netherlands), to convert instanta- 
neous conductance measurements to ventricular volume. A 5F 
Berman angiographic catheter (American Edwards Laboratories) 
was advanced through the other femoral vein to the main pul- 
monary artery for the determination of parallel conductance 
volume with the hypertonic salt injection method, to obtain 
volume in absolute sense (7). Via a small incision in the neck, 
one carotid artery was dissected, a 6F sheath was introduced, 
and through it a 5F micro-tip manometer catheter (Drager 
Medical Electronics, Best, The Netherlands) was advanced into 
the left ventricle just below the aortic valve. Pao was measured 
from the fluid-filled sideport of the sheath in the neck using a 
pressure transducer. The sideport of any arterial sheath was used 
to draw blood samples for measurement of arterial blood gases 
and Hb concentration. 

After confirmation using fluoroscopy, of adequate catheter 
positions, the thorax was opened on the left side in the 4th 
intercostal space. In four animals, the azygos vein was ligated 
distally, and a 4F multipurpose catheter was advanced proxi- 
mally into the coronary sinus for coronary venous blood samples 
of Hb oxygen saturation and lactate concentration. After opening 
the pericardium, the left circumflex artery, which in all lambs 
appeared to be the largest coronary artery and, consequently, 
probably supplies the largest part of the LV, was carefully dis- 
sected and a 2.0- or 2.5-mm perivascular Doppler flow (velocity) 
probe was fitted around this vessel. The probe was connected to 
a 20-MHz range-gated pulsed Doppler flow meter (Crystal Bio- 
tech, Holliston, MA), which was adjusted to detect the highest 
possible velocity for subsequent determination of the optimum 
blood flow velocity wave form in a calibrated fashion. 

All analog signals were displayed on a paper recorder and 
screen for continuous monitoring. The LV pressure and total LV 
volume signals were also displayed on a X-Y oscilloscope for 
continuous monitoring of pressure-volume loops. All analog 
signals were digitized with 12-bit accuracy on an IBM compatible 
microcomputer (Epson AT), at a sampling rate of 200 Hz, and 
saved on a hard disk for subsequent analysis. 

Study protocol. After completion of the surgical preparation, a 
30-min period was instituted to achieve hemodynamic stability. 
During the study, the animals were kept under parasympathetic 
blockade with atropine (0.1 m g  kg-' i.v. as necessary) to prevent 
changes in HR when Pao changed. We acquired four sets of 
information under a variety of experimental conditions. The first 
set was general hemodynamics, which consisted of Pao, SW, SV, 
HR, CO, and Rsyst (see below for calculations). The second set 
was coronary flow and Rcor. Changes in coronary flow caused 
by a vasoconstrictive drug such as indomethacin can be due 
either to direct effects on the coronary vessels or to metabolic 
regulation; to adapt the oxygen supply of the heart to the in- 
creased demand imposed on the heart by increasing Pao, the 
coronary flow will go up. To relate changes in coronary flow to 
changes in myocardial demand, steady-state measurements of 

coronary flow alone were inadequate. Thus, we varied central 
impedance by stepwise inflation of the aortic balloon catheter. 
We performed measurements at three to five different levels of 
this afterload and constructed a SW versus coronary flow rela- 
tionship. 

The third set of information consisted of measuring systolic 
ventricular performance using two indices of contractility: the 
ESPVR and the dP/dt,,, corrected for end diastolic volume. The 
application, validation, and calibration of the conductance cath- 
eter for measuring LV volume and its use to measure the ESPVR 
as an index of systolic performance has been described exten- 
sively in adult dog hearts (7-lo), human hearts (7), and recently 
in small (lamb and pig) hearts (1 1, 12). Briefly, LV pressure and 
volume are recorded during gradual inflation of the IVC balloon 
to restrict venous return and decrease the preload of the heart. 
During this unloading intervention, a line (ESPVR) is con- 
structed through the end-systolic pressure-volume points (upper 
left-hand corners of the pressure-volume loops). The slope of the 
line (E,,) and its position (usually at a fixed pressure of 14 kPa 
= VI4) represent an index of intrinsic contractility; both an 
increase in slope and a leftward shift of the line have been shown 
to represent increased contractile state (13, 14). These measure- 
ments were performed at end-expiration with the ventilator 
turned off. Instantaneous LV pressure and volume were meas- 
ured simultaneously using the micro-tip manometer and con- 
ductance catheter, respectively, and pressure-volume loops were 
constructed for each beat. It is clear that the ESPVR can only be 
calculated during a loading intervention while nothing else is 
changing. During the acute situation, however, immediately after 
the administration of indomethacin, there was no steady-state 
period. We therefore used another index in this situation, the 
dP/dt,,, corrected for end diastolic volume, which can be cal- 
culated in a beat-to-beat fashion. This index is a well established 
index of contractility (15) and easily calculated from the first 
derivative of the pressure signal. Values are compared by either 
matching for end diastolic volume or by calculating a slope of 
the dP/dt,,,-end-diastolic volume relationship and comparing 
the slopes. In this study, we used the first method. 

The fourth set of information consisted of measurements of 
coronary arterial and venous oxygen saturation and Hb concen- 
tration and coronary venous lactate concentration. Myocardial 
oxygen extraction was calculated using these values. 

We studied the following conditions: first, control conditions 
before indomethacin infusion, when hemodynamic variables, 
baseline coronary flow, ventricular performance, and metabolic 
data were measured. Hemodynamic variables and coronary flow 
were also measured at different levels of afterload, and the control 
SW versus coronary flow relationship was constructed. Subse- 
quently, hemodynamic parameters and baseline coronary flow 
were recorded 1 )  immediately before indomethacin infusion to 
obtain a second control condition, 2) during the infusion itself 
until 1 min after the infusion had stopped, 3) subsequently for 
10 s every 5 min during the next 30 min, and 4) at 30 and 5) at 
60 min after indomethacin was slowly given i.v. in 60 s in a dose 
of 1.0 mg.kg-I. Indomethacin was dissolved in distilled water 
and buffered with NaHC03 (8.4%) to a pH value of 7.5. Addi- 
tionally, ventricular performance and blood biochemical meas- 
urements were recorded immediately before indomethacin in- 
fusion and 1 (no biochemical measurements at 1 min), 30, and 
60 min after indomethacin infusion. Between the measurements 
at 30 and 60 min, coronary flow was measured again at different 
levels of SW. For descriptive purposes, the protocol is presented 
graphically in Figure 1. 

Calculations. General hemodynamic measurements were ana- 
lyzed from the first 10 steady-state beats of each run. Mean Pao, 
SW, SV, HR, CO, and total Rsyst were either analyzed or 
calculated in a beat-to-beat fashion, using a special-application 
software program, Conduct-PC (CardioDynamics), which cal- 
culated SW [as the area enclosed by the pressure (P)-volume (V) 
loop, formula 11, SV (end-diastolic volume minus end-systolic 
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Fig. 1 .  Graphic representation of the study protocol. Pressure steps represent increases in aortic impedance to distinct levels by aortic occlusion; 

LV systolic function obtained by ESPVR (see text). Qcor, coronary flow velocity. 

volume), and HR from the pressure and volume data. CO and and this value was matched with end-diastolic volume by manual 
Rsyst were calculated using formulas 2 and 3. Finally, the data comparison to the values at the same time. 
were averaged over the 10 beats. Myocardial oxygen extraction (Ox Extr) was calculated as: 

SW = JPdV (1) Ox Extr [mL 0 2  (mL blood)-'] 

CO = HR.SV (2) = [A-V sat. dif. (%)I. [Hb (g/ 100 mL)] .0.136 (8) 

Pao 
Rsyst = - co 

In the latter formula, the (small) influence of the low venous 
pressure has been neglected. 

MFVcor and Rcor were analyzed from the same first 10 
steady-state beats as the general hemodynamics. They were cal- 
culated in a beat-to-beat fashion and then averaged over the 10 
beats. Coronary flow velocity was calculated from the frequency 
shift Af in kHz to cm.s-' using formula 4, and Rcor was 
approximated in a qualitative fashion with the use of formula 5. 
To discern it from a real vascular resistance, we will refer to this 
variable as Ricor. 

Flow velocity(cm . s-') = 5.3. Af (kHz) (4) 

(3) where A-V sat. dif. is the coronary arteriovenous oxygen satura- 
tlon difference. 

Pao (kPa) 
Ricer (kPa . cm-' . s) = 

MFVcor (cm . s ' )  ( 5 )  

Mean coronary flow velocity is related to SW by linearly regress- 
ing MFVcor versus SW. 

Data analysis for the estimation of ventricular performance 
from the pressure and volume data by the ESPVR was performed 
using the Conduct-PC software program. The program deter- 
mines the end-systolic points using an iterative approach. E,, and 
the Vo are calculated from linearly regressing end-systolic pres- 
sure (PC,)-volume (V,,) points (formula 6), beginning with an 
assumed Vo of 0 mL and continuing until the iteration results in 
a change in Vo of 5 0.1 mL from the previous iteration; V14 is 
then determined as the end-systolic volume intercept of the 
ESPVR at 14 kPa (formula 7). We preferred the use of Vlq to 
characterize the position of the ESPVR over the use of Vo because 
the former value occurs within the range of measurement values, 
whereas Vo only follows from linear extrapolation of data points 
to a point far outside this range. 

The same software program calculated dP/dt,,, for each beat, 

Statistical analysis. The two control conditions were compared 
with each other using a paired t test. Data from all animals in 
the four experimental conditions (first control, 1 min, 30 min, 
and 60 min after indomethacin) were compared with each other 
using a two-way analysis of variance for repeated measures. The 
conditions after indomethacin administration were compared 
with the control condition using Scheffk's (multiple contrasts) F 
test. Significance level was set at 95%. Whenever there were 
missing values, the mean for that parameter for all the animals 
was used. To test whether the relation between coronary flow 
velocity and SW (during the increasing afterload steps) was 
influenced by indomethacin, a multiple linear regression model 
with dummy variables was used. The regression equation was: 

where Y is the dependent variable (coronary flow), and is its 
mean value over all the runs. X is the first independent variable 
(SW). I is the drug variable, representing the conditions with 
(value + 1) or without indomethacin (value of - I), which allows 
the relation between Y and X to shift in a parallel fashion. The 
interaction variable X . I represents the effect of indomethacin 
on the relationship between coronary flow velocity and SW. To 
assess the interanimal variability, eight lamb variables LI to L8 
were introduced. The interanimal variables were coded by effects 
(1 6) .  

RESULTS 

No difference in any variable measured between control con- 
dition 1 and control condition 2 (approximately 30 min later) 
could be revealed by paired t test (Table 1). Therefore, only 
comparisons of the other study conditions to control condition 
1 were made. 

General hemodynatnic parameters. Table 2 lists the most 
important hemodynamic variables as well as the accessory statis- 
tics for these parameters. In the 1st min after indomethacin, 
mean Pao increased from 10.2 -+ 2.4 to 16.9 -t 3.5 kPa (66% 



298 KLAUTZ ET AL 

Table 1. Pao, SW, SV, HR,  CO, Rsyst, MFVcor, R,cor, E,,, and 
V, ,  during control conditions 1 and 2 and the p value ofthe 

paired t test 

Control 1 Control 2 
mean + SD mean + SD p 

Pao (kPa) 10.2 + 2.4 11.2 + 2.4 0.532 
SW (J . min-I) 5.2 + 2.8 5.5 -t 3.7 0.801 
SV (mL) 2.9 t 1.5 2.7 + 1.3 0.249 
HR (beats. min-I) 192+ 35 209 + 35 0.138 
CO ( L  min-I) 0.54 + 0.24 0.56 + 0.30 0.861 
Rsyst (kPa.L-' .min-') 22.5 + 12.7 27.3 t 19.6 0.269 
MFVcor (cm . s-') 9.1 + 4.7 11.2 +- 5.0 0.344 
R,cor (kPa. cm-I. s) 1.4 + 0.8 1.17 + 0.5 1 0.662 
E,, (kPa. mL-I) 6.7 + 6.6 6.3 + 4.7 0.541 
VI, (mL) 3 .1k1 .6  2 .5k1 .8  0.416 

increase), and total peripheral resistance increased from 22.5 
12.7 to 39.7 f 23.3 kPa. L-' . min-' (76% increase). CO remained 
unchanged (0.54 f 0.24 L.min-' before and 0.54 a 0.25 L. 
min-' 1 min after indomethacin). SW increased from 5.2 + 2.8 
to 6.9 + 2.8 J/min (33% increase). At 30 rnin after indomethacin, 
none of the measured hemodynamic parameters was statistically 
different from the control values. The same holds for the meas- 
urements at 60 min after indomethacin. 

CoronaryJ7ow. Time-tracings of LV-pressure, LV-volume and 
coronary flow velocity are plotted in Figure 2. From these 
tracings, it is clear that despite large changes in LV-pressure and 
LV-volume there is almost no (adaptational) change in coronary 
flow velocity. Numerical values of MFVcor and R,cor are pre- 
sented in Table 2. MFVcor did not change (9.1 + 4.7 cm-' . s-' 
before and 9.7 + 4.2 cm-'.s-' 1 min after indomethacin), 
whereas R,cor increased from 1.4 + 0.8 to 2.0 + 0.8 kPa. (cm-' . 
s) (43% increase). To detect changes in the autoregulatory ability 
of the coronary vascular bed, we analyzed the MFVcor versus 
SW relations obtained by Pao steps before and after indometh- 
acin. Each step performed with the aortic balloon inflation 
increased central impedance, Pao, and SW. We were able to 
construct highly significant SW versus MFVcor relations. In 
Table 3, the slopes, intercepts, regression coefficients, and num- 
ber of data points are listed. From a multiple linear regression 
analysis (Table 4), it is clear that all variance in the data is due 
to interanimal variability and not to the effect of indomethacin. 
In other words, the relationship between MFVcor and SW is the 
same before and after indomethacin. 

Myocardialperformance. In Figure 3, a typical set of pressure- 
volume loops during an IVC occlusion is presented. E,, and V14 
of each animal are listed in Table 2 together with the accessory 

statistical values, which reveal no significant change in these 
values at 30 and 60 min after indomethacin, compared with 
control values. To assess the contractile effects during indometh- 
acin administration, we measured dP/dt,,, at matched preload. 
This value was not statistically different from control at 1 rnin 
after indomethacin administration, nor at 30 and 60 min (Table 
2). 

Myocardial oxygen extraction. Myocardial oxygen extraction, 
measured in four animals, did not change at 30 rnin (78.0 a 25.6 
mL Oz/L blood versus 78.0 f 18.7 during control) or 60 rnin 
(72.8 24.7 mL Oz/L blood) after indomethacin (see Table 2). 
Lactate levels remained normal and similar in all conditions 
(2.37 + 0.29 mmol. L-' at control, 2.55 f 0.41 mmol. L-' at 30 
min, and 2.58 f 0.56 mmol. L-' at 60 min). 

DISCUSSION 

We investigated the effects of a single dose of indomethacin 
on general hemodynamics, myocardial perfusion, and systolic 
performance, and found that a single dose had only brief, tran- 
sient effects on both the general circulation and the coronary 
vascular bed. Total peripheral resistance and Ricer were mark- 
edly increased immediately after the infusion of the drug, whereas 
systemic flow and coronary flow velocity were not changed. 
These increases in resistance did not persist at 30 and 60 rnin 
after infusion. Myocardial performance did not change from 
control values at 1, 30, or 60 rnin after indomethacin adminis- 
tration. 

To determine the effects of indomethacin on myocardial per- 
fusion, we estimated left ventricular blood flow by obtaining 
Doppler-derived velocities from transducers directly applied to 
the left circumflex coronary artery. Measurements of coronary 
flow velocity with the Doppler flow technique carries some 
limitations because it measures velocity, and the calculated flow 
is dependent on the cross-sectional area of the vessel. Although 
the diameter of the left circumflex artery may change to some 
extent during changes in blood pressure, the resistance in the 
coronary vascular bed will largely be controlled by the arterioles 
situated distally to the left circumflex artery, which remains 
relatively unchanged (17). Furthermore, changes in the diameter 
of the vessel are unlikely, as we used slightly constricting peri- 
vascular probes that did not allow for changes in external vessel 
diameter. We therefore suggest that the changes in MFVcor 
reflect alterations in true coronary blood flow in the left circum- 
flex artery. Another limitation of our instrumentation is that we 
were only able to measure coronary flow in one coronary vessel, 
but we were interested in total left ventricular myocardial blood 
flow. However, because we were primarily interested in changes 

Table 2. Hemodynamic parameters and calculated myocardial performance and perfusion variables during control condition, 1, 30, 
and 60 min after indomethacin administration (means + SD); results of one-factor analysis of variance for repeated measures; and 

results of Sche f f s  F test when control is compared with 1, 30, and 60 min after indomethacin administration* 
Values ANOVA Scheffk's F test 

Control Indo] Indo30 Indodo F test p value C-ll C-130 C-160 

Pao (kPa) 10.2 + 2.4 16.9 + 3.5 11.8 + 2.4 12.0 + 2.4 26.17 0.0001 22.231 1.25 0.68 
SW (J . min-I) 5.2 + 2.8 6.9 + 2.8 5.4 + 2.5 5.0 + 2.7 4.93 0.0083 3.791 0.03 0.07 
SV (mL) 2.9 + 1.4 3.1 + 1.5 2.4 -t 1.2 2.4 + 1.4 7.67 0.0009 0.42 3.207 1.74 
HR (beats. min-I) 192 + 35 180 t 24 217 k 33 213 + 44 5.66 0.0045 0.44 1.86 1.43 
CO (L. min-I) 0 .54k0.24 0 .54+0.25 0.52k0.24 0.48-tO.23 0.12 >O.l 0.001 0.07 0.02 
Rsyst (kPa. L-' . min-I) 22.5 + 12.7 39.7 t 23.3 32.5 + 29.6 34.3 + 28.0 4.91 0.0084 4.791- 1.55 0.80 
MFVcor (cm . S K I )  9.1 -t 4.7 9.7 + 4.2 9.4 + 4.2 10.5 + 3.0 1.04 >0.1 0.15 0.04 0.94 
R,cor (kPa. cm-' . s) 1.4 + 0.8 2.0 + 0.8 1.5 + 0.6 1.3 + 0.5 9.00 0.0004 5.571 0.05 0.12 
E,, (kPa. mL-I) 6.7 +- 6.6 N A 9.5 + 8.2 6.4 + 3.5 2.17 >O.l 1.40 0.03 

v14 (mL) 3.1 + 1.6 N A 2.7 + 2.6 3.1 + 4.6 0.12 >O.I 0.12 0.06 

dP/dt,,, (kPa. s-') 5 9 9 2 8 4  541+115 5 1 7 2 9 1  560+135 1.67 >0.1 0.68 0.13 0.45 
Ox Extr (mL 02/mL blood) 78.0 + 18.7 N A 78.0 + 25.6 72.8 + 24.7 0.92 0.43 0.01 0.60 

* ANOVA, analysis of variance; Indo, indomethacin; C-I, control vs indomethacin; Ox Extr, oxygen extraction; NA, not available. 
1 Significant at 95%. 
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Fig. 2. LV pressure, LV volume, and coronary flow velocity tracing during indomethacin administration. LCx, left circumflex coronary artery. 

Table 3. Overview of statistics (linear regression) of individual 
coronaryjlow velocity-S W relationships 

Animal Condition Slope Intercept r n 

0 1 Cont* 0.69 4.91 0.99 4 
Indo 0.76 1.94 0.99 6 

02 Cont 0.83 -0.42 0.85 7 
Indo 4.44 -31.10 0.99 3 

03 Cont 0.76 -1.34 0.99 6 
Indo 0.52 1.11 0.99 5 

04 Cont 1.7 1 2.43 0.98 6 
Indo 1.2 1 3.89 0.97 6 

05 Cont 
Indo 

06 Cont 
Indo 

07 Cont 
Indo 

08 Cont 
Indo 

09 Cont 1.76 -1.99 0.97 6 
Indo 2.28 -5.05 0.98 6 

Mean rt SD Cont 1.42 + 0.88 2.93 + 3.56 
Indo 1.87 + 1.31 -0.19 + 11.08 

* Cont, control; Indo, postindomethacin 

in coronary flow and we assume a homogeneous distribution of 
blood flow, measurements in one vessel, which supplies at least 
50% of the left ventricular myocardium, adequately reflect 
changes in total left ventricular myocardial blood flow. For the 
same reason, we did not attempt to calibrate the instrument for 
actual flow. Coronary flow measurements in small animals such 
as newborn lambs have been done with the use of microspheres 
by many groups. In our study, in which we needed frequent and 

continuous measurements of coronary blood flow in each ani- 
mal, we could not use that method because we needed a more 
direct method. Based on our experience with Doppler flow 
probes, we were able to achieve continuous measurement of 
coronary flow (velocity). In this way, we were able to construct 
pressure- or SW-flow relationships of the coronary vascular bed. 

Vane (18) showed in 1971 that indomethacin inhibits the 
enzyme cyclooxygenase, which converts arachidonic acid into 
unstable precursors of the prostaglandins, prostacyclins, and 
thromboxane. Prostaglandin is a potent vasodilator and plays an 
important role in keeping the ductus arteriosus open in the fetal 
circulation. Indomethacin, though, not only has strong vasocon- 
strictive effects on ductal tissue. but also exerts acute vasocon- 
strictive effects on other vascular beds. This was confirmed in 
our findings: total peripheral resistance increased, accompanied 
by an increase in arterial pressure and no change in CO. These 
effects lasted for only a few minutes, because 30 min after 
indomethacin administration total peripheral resistance and ar- 
terial pressure had returned to preindomethacin levels. These 
general hemodynamic effects of indomethacin have been the 
reason many neonatal centers give indomethacin at a low infu- 
sion rate, as it appears to minimize the acute effects on arterial 
Dressure. 

The effects of indomethacin on the coronary circulation par- 
allel those on the systemic circulation: Rcor increases, whereas 
flow remains unchanged. Vascular effects on coronary flow might 
be due either to the blockade of prostaglandin synthesis or to 
direct constrictive effects of the drug itself. The role of the 
prostaglandins as important modulators of coronary blood flow 
has been emphasized by Afonso et al. (1 9) and Needleman (20). 
More recent studies (21, 22), however, did not support the 
hypothesis that prostaglandins play a major role in coronary flow 
regulation. In these studies, coronary flow was studied during 
changes in cardiac demand by pacing. In our study, we increased 
the afterload of the ventricle during control measurements to 
match the increase in afterload with indomethacin. In this way, 
we were able to compare changes in coronary flow due to 
metabolic autoregulation (resulting from increased myocardial 

Table 4. Multi~le linear regression model for mean flow velocitv o f  coronarv arterv (cm.s-')* 

Drug Interaction Interanimal variability 
variable: variable: 

Variable a. SW Indo SW*I L1 L2 L3 L4 L5 L6 L7 L8 

a 3.05 1.23 -0.44 0.04 -5.58 -6.42 -7.1 1 1.62 1.71 6.90 3.16 7.85 
SEM 0.11 0.36 0.05 1.99 0.55 0.43 0.45 0.45 0.42 0.59 0.42 
n <O.OO 1 0.22 0.44 Coefficients combined: < 0.00 1 

*The regression equation was statistically significant (F test = 83.41, p < 0.0001). The coefficients a arc in cm.s-'. a. = the intercept of the 
equation, or overall mean flow velocity (MFV). Independent variables: SW in J.min-'; drug variable is Indo, assigned a value of -1 for 
preindomethacin conditions and +1 for postindomethacin conditions; interaction variable SW*I is the product of SW and the drug variable (it 
represents the interaction of indomethacin on the relation between MFV and SW); and lamb variables L1 through L8 represent the nine lambs. 



300 KLAUTZ ET AL. 

14.0 

Pressure 
(kPa) 

0.0 
0.0 

"1 4 
15.0 

Volume (ml) 
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Fig. 4. Average MFVcor of the left circumflex coronary artery of all 
nine animals plotted against the average SW of all nine animals for three 
conditions: control (0), 1 min (A), and 30 min (0) after indomethacin 
(indo). 

work secondary to an increase in arterial pressure) with changes 
in flow that were due also to coronary vasomotor effects caused 
by the drug. Our results showed no change in the response of 
coronary flow to stepwise changes in cardiac demand 30 and 60 
min after indomethacin administration in comparison with con- 
trol. In the studies of Hintze and Kaley (2 1) and Dai and Bache 
(22), measurements were made also 30 and 60 min, respectively, 
after indomethacin administration. However, our measurements 
immediately after indomethacin showed a significant increase in 
Rcor, which returned to the baseline value within 30 min without 
change in coronary flow. During this same period, SW was 
markedly increased, which is normally (without indomethacin) 
accompanied by a decrease of vascular resistance and an increase 
in coronary flow to adjust to the increased demand of the heart 
(Fig. 4). In other words, there is a distinct vasoconstrictive effect, 
appearing not as a decrease in flow but as a lack of expected 
increase in response to increased demand. This effect could be 
interpreted as a limitation of the coronary flow reserve caused 
by indomethacin, but the possibility of increased energy utiliza- 
tion, unlikely as it is, cannot be excluded (see below). 

Although it might be possible that prostaglandins do play a 
role in the regulation of coronary blood flow, it seems unlikely 
that the acute effects of indomethacin are related to the blockade 
of prostaglandin production, inasmuch as these effects take place 
seconds after the administration. Chemtob et al. (23) showed in 

a recent study of awake piglets that, with a dose of 3 mg/kg 
indomethacin, there was no change in blood prostaglandin con- 
centration at 20 min and a slight, nonsignificant decrease at 60 
min. A dose of 10 mg/kg decreased the prostaglandin levels 
significantly, but the hemodynamic effects of these two doses 
were the same. This supports the hypothesis that acute vascular 
effects of indomethacin are not related to the blocking of the 
prostaglandin synthesis. Other possible explanations for these 
effects might be the inhibition of histamine release (24), its role 
as an oxygen radical scavenger (25), or, most likely, a direct 
effect of indomethacin on the vascular smooth muscle or endo- 
thelium. 

Because a major decrease in coronary flow may impair ven- 
tricular performance, we measured this parameter before and 
after indomethacin infusion. We measured ventricular perform- 
ance by the ESPVR at control and 30 and 60 min after indo- 
methacin infusion: at these times coronary flow was normal, and 
there was no change in ventricular performance. Because there 
was no adequate steady state within the first 20 to 30 min, we 
had to assess ventricular performance during and immediately 
after indomethacin infusion by a different technique. This was 
of special importance, inasmuch as the most prominent effects 
of indomethacin took place in this immediate period after ad- 
ministration. Information about the contractile state of the heart 
during this period is important, because a decrease in contractil- 
ity may explain the increase in SW and yet increased coronary 
resistance, as shown in Figure 4. This reasoning is based on the 
linear relationship between myocardial oxygen demand and the 
pressure-volume-area concept (26). This relationship moves to a 
lower myocardial oxygen demand intercept when E,, decreases 
(26). To determine this possibility, we estimated contractility by 
calculating dP/dt,,, and corrected this value by relating it to 
changes in preload (end-diastolic volume). Using this index of 
contractility, we were not able to show a significant difference 
between the control and the acute situation. On the basis of this 
approximation of contractility, we can conclude that indometh- 
acin does not change myocardial performance in the acute phase. 
The only other explanation for the apparent mismatch in output 
(SW) and input (coronary flow) is an increased oxygen extraction 
from the myocardial blood. This is very unusual, because under 
most circumstances the oxygen extraction reserve is not tapped, 
but rather blood flow increases to meet increased demand. How- 
ever, the myocardium has the ability to extract more oxygen 
under certain circumstances, such a severe hypoxemia (27). We 
hypothesize that the use of indomethacin might also be such a 
circumstance. It is possible that indomethacin acutely constricts 
the coronary vessels and prevents these vessels from dilating fully 
in response to increased demand. Under those circumstances, it 
seems reasonable to argue that extraction will go up. This is 
supported by experimental studies in which an indomethacin- 
induced decrease in organ blood flow was accompanied by a 
compensatory enhancement of oxygen extraction to maintain 
metabolic demands (28). Unfortunately, we were not able to 
measure the oxygen content values at these moments. Oxygen 
extraction and coronary venous lactate levels were not signifi- 
cantly different between the control period and 30 and 60 min 
after indomethacin infusion, when coronary flow and contractil- 
ity were normal. 

Finally, we have to address some potential problems with our 
techniques. We used the conductance catheter technique to 
estimate on-line LV volume, as has been described extensively 
for the adult "large" heart (7, 9, 10). Recently, the feasibility, 
reliability, reproducibility (1 l), and accuracy (12) of this tech- 
nique to determine ventricular performance in small hearts, 
using the ESPVR, have also been demonstrated. The conduct- 
ance catheter technique is subjected to two errors, parallel con- 
ductance caused by tissue surrounding the LV cavity and a 
species-specific constant, a,  which relates actual SV to measured 
SV (29). We corrected for parallel conductance by calculating its 
value with the salt injection technique described earlier in this 
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article. As oc is species-specific, we did not correct for this value, 
but because it can range from 0.5 to 0.9 (29) it will cause SV 
and therefore CO values to be rather low. The values of the CO 
we measured were indeed low compared with other studies. 
Besides the oc effect, another reason for the low CO values is that 
we studied anesthetized animals, in which CO is known to be 
considerably lower. With respect the ESPVR, its afterload sen- 
sitivity must be taken into account (9, 10); we carefully per- 
formed our interventions in such a way that this was possible. In 
this particular study, the afterload effect was of less importance, 
because the intervention to change loading conditions was the 
same for the different conditions during which we measured LV 
systolic performance. 

Lastly, there has been considerable disagreement about the 
appropriate dose and speed of indomethacin in the clinical 
setting. It seems unlikely, though, that our results are influenced 
by the dose of indomethacin. The dose we used is about three 
times the dose used in neonatal infants, but sensitivity for indo- 
methacin varies considerably among species. In fact, most studies 
in newborn lambs have been performed with much higher dos- 
ages than those used in our study. Moreover, experimental and 
clinical studies have shown that the effects of indomethacin on 
organ perfusion are relatively dose-independent (23, 30, 3 1). We 
administered indomethacin over a period of about 60 s, because 
this is the usual procedure in clinical practice. 

We conclude that, although no negative effects on myocardial 
perfusion and performance were found after indomethacin in- 
fusion, the transient coronary vasoconstriction that occurs during 
and shortly after administration should alert the clinician to its 
potential risks in those infants in whom a preexisting limitation 
in coronary flow reserve is suspected. Additional investigation is 
needed to fully understand the vasomotor actions of indometh- 
acin and the alterations in these effects by variations in dosing 
regimens. 
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