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ABSTRACT. We have assessed serial changes in myocar- 
dial contractility and reserve in the normal lamb over the 
first month of life using an in vivo adaptation of the end- 
systolic pressure-volume relationship. Via a left thoracot- 
omy, we insert a catheter tip pressure transducer into the 
left ventricle, affix an echo transducer onto the left ventric- 
ular epicardium, place an electromagnetic flow transducer 
around the pulmonary artery, and insert catheters for 
monitoring and infusions. We measure contractility by 
generating left ventricular wall stress-volume index (the 
cube of dimension) curves, at the same time increasing 
afterload by infusing phenylephrine. The slope of the end- 
systolic wall stress-volume index relationship is our index 
of contractility. Weekly studies were performed at rest and 
during isoproterenol infusion in 12 animals, and after pro- 
pranolol administration in four. The data showed a pro- 
gressive decrease in resting contractility but no change in 
maximal contractility during isoproterenol infusion over 
the 4 wk. Taking each week separately, the average in- 
crease in contractility during isoproterenol infusion was 
small at I wk (13%), moderate at  2 and 3 wk (24 and 26%, 
respectively), and large at  4 wk (79%). 8-Adrenergic block- 
ade with propranolol caused a significant decrease in con- 
tractility in three of four animals studied at I wk, in only 
one of four animals at 2 wk, and in none of four animals at  
3 or 4 wk. Thus, the newborn lamb shows a limited reserve 
in contractility that increases progressively with age; the 
limited reserve appears secondary to a high resting B- 
adrenergic state. (Pediatr Res 19: 948-955, 1985) 

Abbreviation 

Emax, maximal ventricular elastance 

Studies of left ventricular performance have shown that the 
newborn lamb has a limited ability to increase cardiac output. 
Klopfenstein and Rudolph (1) reported a lesser response to 
volume loading in newborn as compared to older lambs (4 and 
6 wk of age). This was substantiated by Romero and Friedman 
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(2) who showed a decrease in stroke volume during volume 
loading that they ascribed to a mismatch between the increase 
in afterload and the ability to increase inotropic state. The 
response to digoxin was similarly blunted in the newborn as 
compared to the adult sheep (3). Studies of fetal myocardium 
have shown immaturity of structure, function, and sympathetic 
innervation relative to the adult (4, 5). These developmental 
differences may limit the response of the newborn heart. High 
resting indices of myocardial performance, however, have been 
seen in the newborn as compared to the adult sheep (6, 7). Thus 
the newborn may be unable to substantially improve ventricular 
performance because, even though the myocardium is fully or 
almost fully developed, it may already be functioning at maximal 
contractility because of high demand. The presence or absence 
of a reserve in contractility, whatever the cause, would have 
major importance when inotropic agents are used to treat heart 
failure in the human newborn. We therefore devised a protocol 
to assess directly contractility and contractile reserve in the 
newborn. 

Descriptors, or indices, of the ability of the heart to eject blood 
(pump function) may depend on one or several of the determi- 
nants of ventricular performance. The four major determinants 
of performance are heart rate, contractility, preload, and after- 
load. For any such index to describe only the intrinsic contrac- 
tility (muscle function) of the heart, it must be independent of 
heart rate and the loading conditions of the heart (8-1 1). Many 
attempts to use single-measurement indices to assess contractility 
have failed because these indices are dependent on the other 
determinants, and overall performance rather than contractility 
is quantified (12-14). Preejection phase indices such as dP/dt 
max are significantly affected by changes in preload, whereas 
ejection phase indices such as ejection fraction are primarily 
affected by afterload. To circumvent this problem, relationships 
have been delineated that define contractility by assessing muscle 
performance over a range of either preload or afterload and are 
independent of the other determinants. In isolated muscle prep- 
arations, the active length-tension relationship and the force- 
velocity relationship are examples (1 5- 17). Recently, the pres- 
sure-volume relationship was restudied in both the isolated right 
and left ventricles (18, 19): by varying preload, pressure-volume 
loops could be constructed such that isochronal points (i.e. those 
that occur at the same time in the cardiac cycle) in the different 
cardiac cycles are related linearly. The slope of this linear rela- 
tionship defines the time-varying elastance of the ventricle. At 
end-systole in the isolated heart, elastance is maximal (Emax) 
and has been shown to vary directly with changes in contractility. 
Modifications of this in vitro Emax have been used to measure 
contractility in the intact animal (20, 2 1) and human (22-27). 

We have adapted the in vitro end-systolic pressure-volume 
relationship to the intact animal preparation in an attempt to 
analyze developmental changes in contractility and contractile 
reserve that occur in the lamb over the first month of life. We 
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have also examined whether changes in preload and heart rate 
significantly affect this relationship and thus invalidate its use as 
an index of contractility. We describe results from data obtained 
in normal, chronically instrumented lambs. 

MATERIALS AND METHODS 

Szlrgery. Fourteen lambs of mixed western breed between 2 
and 8 days of age underwent surgery. A left thoracotomy was 
performed in the fourth intercostal space under halothane anes- 
thesia and supplemental 0.5% xylocaine locally. Polyvinyl cath- 
eters were placed in a hindlimb artery and vein, and in the 
ascending aorta and superior vena cava via the internal thoracic 
artery and vein, respectively, for pressure measurements and 
subsequent infusions. Catheters were also placed in the coronary 
sinus via the hemiazygous vein for myocardial metabolic studies 
in conjunction with the contractility studies, and directly into 
the left atrium for contrast injection to confirm the site of the 
endocardium. Within a pursestring suture and through a needle 
puncture, a specially designed 4F microtipped manometric cath- 
eter (Millar Instruments, Houston, TX) was placed in the left 
ventricle through its apex. A 5.0 mHz, 6.0 mm nonfocussed 
piezoelectric single crystal echo transducer (KB Aerotech, Lew- 
iston, PA) was sutured to the left ventricular epicardium to 
record left ventricular wall thickness and short axis dimension at 
the level of the distal tip of the mitral valve. A layer of bone wax 
2 mm thick was attached to the transducer before surgery to 
separate it from the epicardium in order to improve near field 
resolution. A precalibrated electromagnetic flow transducer was 
placed around the pulmonary artery. A chest tube was left in the 
pleural cavity. Subcutaneous electrodes used to record surface 
electrocardiograms were sutured in place as the skin incision was 
closed. All catheters and transducer cables were brought to the 
skin via the thoracotomy incision, and protected by a bag sutured 
to the animal's flank. A second group of five animals underwent 
the same operation at 3 wk of age, with the additional placement 
of pacing wires on the left atrium. 

Contractility stzidies. The lambs were allowed to recover for at 
least 3 days after surgery, a period of time found to be adequate 
for return of normal hemodynamic status following thoracotomy 
(28). Studies to measure contractility were performed with the 
lambs resting quietly, blindfolded, and placed erect in a sling 
under a heat lamp to ensure a neutral thermal environment. 
Continuous measurements of aortic phasic and mean pressures 
and heart rate were obtained and recorded on a Beckman (San 
Jose, CA) direct writing recorder. Cardiac output was measured 
with an electromagnetic flow transducer (C & C Instruments, 
Culver City, CA) connected to a Statham SP2202 flowmeter 
(Statham Instruments, Oxnard, CA) around the pulmonary ar- 
tery rather than the ascending aorta in order to avoid left ven- 
tricular obstruction during the 4th wk of study (I). The echocar- 
diographic and left ventricular pressure signals were recorded 
simultaneously on an Electronics for Medicine VR12 recorder 
(Hayward, CA) at a paper speed of 100 mm/s (Fig. I). Prior to 
each study, the microtipped pressure transducer was calibrated 
externally using the aortic and left atrial catheters that were 
connected to Statham P23Db pressure transducers. Endocardia1 
surfaces were confirmed with an injection of 0.9% NaCl solution 
into the left atrium while the left ventricular echo signal was 
recorded (Fig. 2). After an initial measurement of resting values, 
atropine (0. I mg/kg) was given intravenously, followed either by 
a continuous infusion at 0.01 g/kg/min or repeated doses of 0.1 
mg/kg every 10 min; this inhibited the phenylephrine-induced, 
baroreceptor-mediated bradycardia. The first set of measure- 
ments was made when heart rate and cardiac output stabilized. 
Afterward, phenylephrine was infused for about 3 min, starting 
at a rate of 1 Irg/kg/min and increasing gradually to a maximum 
of 15 pg/kg/min. As afterload increased, we obtained left ven- 
tricular echo and pressure recordings at intervals of 5- 10 tom in 
aortic mean pressure. When aortic mean pressure reached 1 15- 

Fig. 1. Typical tracing of left ventricular echo and pressure signals. 
wus: wax interface on  transducer. EPI,  epicardium; ecg, electrocardl- 
ogram; ENDO, endocardium; mv, mitral valve; LVP,  left ventricu1a.r 
pressure. 

Fig. 2. Saline infusion into the left atrium to highlight endocardium 

125 torr, the phenylephrine was discontinued. In the first nine 
animals we then began to infuse Na nitroprusside, again at a rate 
of 1 pg/kg/min and increasing to 5 pg/kg/min; subsequently we 
did not use Na nitroprusside but allowed the aortic mean pressure 
to fall normally to resting levels. Measurements were similarly 
recorded with every 5-10 tom drop in pressure. The study was 
terminated when a total of 20 measurements had been recorded, 
or earlier if aortic mean pressure decreased to 55 torr during the 
Na nitroprusside infusion. The animal was then allowed to 
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recover to the resting hemodynamic status. One-half hour later, 
isoproterenol (0. I pg/kg/min) was infused. We chose this infu- 
sion rate to achieve maximal inotropic response; we have previ- 
ously found no further increase in cardiac output at infusion 
rates of isoproterenol greater than 0.1 pg/kg/min in other studies 
in which lambs were paced at a fixed heart rate following formalin 
ablation of the atrioventricular node (Teitel DF, unpublished 
data). After 3 min of stabilization, the complete study as outlined 
above was repeated. In the last four animals, we performed 
repeat resting studies and studies after a n  intravenous dose of 
propranolol ( 1  mg/kg). Resting. isoproterenol, and propranolol 
studies were performed at weekly intervals during the first 4 wk 
of life. Two animals were not operated on until after 6 days of 
age and thus were studied from 2-4 wk only. There was equip- 
ment malfunction in two other animals, so they were not studied 
on the 4th wk. 

In order to ascertain whether our index was truly one of 
contractility rather than global performance, we assessed whether 
it was affected by isolated changes in heart rate or preload. We 
operated on five animals at 3 wk of age and performed the 
following studies 1 wk later. T o  assess the possible effects of heart 
rate, we studied each animal on consecutive days (except one, 
which was studied only once) at rest, and then during left atrial 
pacing at a rate 30% above the resting heart rate. T o  assess 
preload effects, propranolol (I mg/kg) was first given intrave- 
nously to abolish the @-stirnulatory effects of acute volume 
loading. We then studied the animals prior to volume infusion 
and immediately after a rapid infusion of warmed normal saline 
(20 ml/kg). Thus resting contractility could be compared to 
contractility during atrial pacing, and contractility during fl- 
adrenergic blockade could be compared to @-adrenergic blockade 
combined with volume loading. There should be n o  differences 
between these comparison slopes if our index of contractility is 
indcpendent of changes in heart rate and preload. 

Ana/y.si.s. For each of the 20 measurements in each study, left 
ventricular wall thickness, dimension, and pressure can be meas- 
urcd simultaneously. From these data, wall stress and the cube 
of dimension can be calculated. There is little agreement about 
the correct in vivo point in the cardiac cycle at  which to measure 
Emax. In the isolated heart, the time-varying elastance model 
defines maximal elastance as occurring at  end-systole. At that 
time dP/dt and dV/dt are both zero (29). In the in vivo heart 
dP/dt is zero at peak pressure whereas dV/dt is zero at  end- 
ejection. Although others have chosen end-ejection to measure 
Emax we chose peak pressure for two major reasons. When we 
compared the slopes obtained at peak pressure and end-ejection, 
we found that the slope at peak pressure was always greater than 
or equal to that found at end-ejection. Since maximal elastance 
is defined by the maximal slope obtained we believed that peak 
pressure was therefore a more appropriate time. As well, our 
measurements were much more reproducible at  peak pressure. 
At end-ejection, pressure is decreasing rapidly and a minor error 
in timing would have a great effect on the calculation of wall 
stress. This is supported by our finding that the SEs of the slopes 
of the peak pressure measurements were always less than those 
of the slopes of the corresponding end-ejection measurements. 
After determining the time to peak pressure for the first of the 
20 measurements of each study, we then chose isochronal points 
to make our subsequent 19 measurements during afterload alter- 
ation. This is in keeping with the method used to define the 
time-varying elastance model in the isolated heart (18, 19). The 
measurements were analyzed with a graphics tablet (Apple, Cu- 
pertino, CA) and an Apple 2 plus microcomputer. 

From the measured left ventricular pressure, wall thickness, 
and diameter, wall stress was calculated from the equation (30): 

where WSt is wall stress in 10' dynes/cm2, P is pressure in torr, 

D is diameter, and H is wall thickness in mm.  An index of left 
ventricular volume was made by cubing the instantaneous di- 
mension. Since absolute slopes were not compared between 
animals, a more accurate measure of volume was not needed; 
relative changes in slopes were compared, and should not have 
changed by adding constants into the volume equation. Clearly, 
this approximation would be valid only if there were no signifi- 
cant changes in geometry of the heart over the 4 wk of study. 
We did compare the geometry of several hearts from lambs at 
birth to 4 wk of age following their arrest a t  end-systole during a 
rapid injection of 10% calcium chloride (after sedation by Na 
pentobarbital). We found no major geometric differences be- 
tween animals of different ages (see "Results"). 

We generated approximately twenty wall stress-volume index 
points and wall stress-dimension points for each study. Linear 
regression analyses of the resultant relationships were performed. 
SEs of the estimate were obtained for both linear regressions, 
and all subsequent analyses were performed with the wall stress- 
volume index curves. At each week in each animal, we compared 
the control, isoproterenol, and propranolol slopes by using a 
"comparison of two slopes" test (3 1). Percentage change in slope 
was used to compare the effects of isoproterenol and age. 

All the remaining statistical analyses were performed with a 
paired t test. In all analyses differences were considered statisti- 
cally significant if p < 0.05. 

RESULTS 

Throughout the 4-wk study period, the lambs grew normally 
(Table 1). Resting heart rates and cardiac outputs were similar 
to those reported previously (32). There was a gradual decrease 
in heart rate with increasing age and a large decrease in cardiac 
output per kilogram. 

The effects of the study protocol on heart rate and cardiac 
output are shown in Figures 3 and 4. At peak phenylephrine 
effect the average drop in heart rate was small as a result of the 
vagal blockade by atropine, and statistically significant in only a 
few instances. In those, the absolute decrease in cycle length was 
never greater than 25 ms and did not significantly alter the 
position at which the measurements were taken. At the end of 
all studies heart rate and cardiac output were not significantly 
different from values at  the onset, indicating that @-adrenergic 
tone did not change. 

Figure 5 A and B depict the points plotted from two typical 
studies. We performed 1 13 studies on 14 animals. We analyzed 
the data from each study by a linear regression (least squares 
technique): SEs of the estimate of the relationship of wall stress 
to volume index were less than or equal to  those of wall stress to  
dimension; correlation coefficients were greater. We therefore 
used the volume index in all subsequent analyses. Correlation 
coefficients of the linear regression equations of wall stress versus 
volume index were >0.9 1 in 87, and >0.85 in 10 1 of the 1 1  3 
studies. The average SD of the calculated slope was 19% of the 
slope itself. Figure 6 shows the effects of isoproterenol on the 
slope of the wall stress-volume index line. Although there was a 
small average increase in slope (1 3%) during P-adrenergic stim- 
ulation with isoproterenol in the 1st wk, the absolute increase 
was statistically significant in only one of the 10 animals studied. 
In the 2nd and 3rd wk of study there was a moderate increase in 
slope (24 and 27%, respectively), with significant increases in 

Table 1.  Resting values oJ wt, heurt rate, und curdiuc out/~ut 
(rneun + SDi 

Cardiac output 
Heart 

Wk Wt (kg) rate (ml/min) (ml/min/kg) 

1 6.0 t 0.8 224 t 27 1595 k 320 265 
2 6 . 4  2 1 5 t 1 5  1 7 0 5 k 4 5 0  245 
3 8 . 0 k 1 . 9  206+-19 1 4 0 0 t 1 7 0  175 
4 8.8 k 2.3 182 & 20 1470 t 330 165 
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Fig. 3. Effects of the protocol on heart rate (bpm) during control, isoproterenol, and propranolol studies. Values expressed are means + 1 SI). 
* Statistically different from values at onset. 
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Fig. 4. Effects of the protocol on cardiac output ( m l / m ~ n )  during control. isoproterenol. and propranolol studies. Values expressed are means :k 
1 SD. *Statistically different from values at onset. t S D  not markcd when only two values were obtained. 
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Fig. 5. Typical wall stress-left ventricular volume index lines from 

two animals. A ,  control study at I week of age; B, control and isoproter- 
en01 studies from another animal at 3 wk of age showing an increase in 
slope with isoproterenol. LV volume index is the cube of diameter. 

W E E K  I 

I00 r 

* "/N 4/~2 5 / ~ 2  '/lo 
Fig. 6. Thc cffects of isoproterenol infusion on slope at each week 

expressed as percentage incrcasc from control. * n/N,  n is the number of 
animals with statistically significant increases in slope: N is the numbcr 
of animals studied during that week. 

four of 12 animals in the 2nd wk and five of 12 in the 3rd wk. 
By the 4th wk the increase in slope was much greater (79%) and 
in eight of 10 animals was significant. Figure 7 A and B shows 
the change with age in contractility at rest and during isoproter- 
enol infusion. When we compared the 2nd, 3rd, and 4th wk to 
the 1st wk, we found: 1 )  a significant decrease in resting contrac- 
tility, 2) a progressively greater number of animals with signifi- 
cantly less steep slopes at rest (two slope comparison test), and 
3) that, during isoproterenol infusion, contractility was not sig- 
nificantly different at any age, although there were occasional 
individual differences. Four animals were given propranolol after 
resting studies. There was a significant decrease in slope with 
propranolol in three of the four animals at 1 wk of age. This is 
in contrast with the older animals: in only one animal at 2 wk 
and in  none of the animals at 3 and 4 wk did propranolol cause 
a significant decrease in slope. 

We performed nine pacing and volume studies in five animals 

WEEK 2 3 4 

Fig. 7. Percentage change in contractility as compared to the 1st wk. 
A, resting studies: U ,  studies during isoproterenol infusion. * n/N. n is 
the number of animals with statistically significant increases in slope; N 
is number of animals studied during that week. 

at 4 wk of age (Table 2). Atrial pacing was performed at rates 
averaging 36% greater than resting values, and was associated 
with a moderate increase in left atrial mean pressure caused by 
impaired ventricular filling at the rapid rates. Volume loading 
did not cause a reflex tachycardia because the propranolol pro- 
duced p-adrenergic blockade. After the volume infusion there 
was a 3-fold increase in left atrial mean pressure that persisted 
throughout the study period. The contractility studies showed 
no significant average change in slope from baseline measure- 
ments (pacing versus resting; volume loading during propranolol 
versus propranolol alone) during either pacing or volume infu- 
sion. In one of the pacing studies there was a statistically signif- 
icant increase in slope from baseline; no increase occurred in 
any of the volume studies. 

We compared ventricular geometry at end-systole in lambs 
from birth to 4 wk of age. We measured dimensions in the long 
axis from apex to aortic root, and in orthogonal minor axes at 
the mitral annulus and midway from the annulus to the apex 
(representative of the dimension measured by the echo trans- 
ducer). In all hearts, the ventricles were conical in shape, and the 
minor axes were spherical (when the papillary muscles were 
excluded). The ratio of midway axis to long axis was between 
0.20 and 0.25 to 1 in all hearts, and there were no differences 
between ages. 

DISCUSSION 

Many indices have been devised that describe the ability of 
the heart to eject blood. Those indices isolated to a single 
measurement and taken at a discrete point in time during the 
cardiac cycle depend on more than one determinant of perform- 
ance, and thus describe the overall pump function of the heart. 
However, an index of the actual muscle function, or contractility, 
of the heart is necessary in order to understand the effects of 
various physiologic processes, such as growth through matura- 
tion, hyperplasia, and hypertrophy, or the effects of various 
pathologic processes, such as dilatation and pathologic hypertro- 
phy. The development of the time-varying elastance model (29) 
has allowed investigators to describe alterations in performance 
that are uniquely determined by alterations in the contractile 
state of the heart. 

Several investigators have used modifications of the time- 
varying elastance model first described in the isolated heart (I 8, 
19) as an index of myocardial contractility in the intact heart 
(20-27). Briefly, this model states that the maximal elastance of 
a ventricle in systole is dependent solely on the contractile state 
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Table 2. &fji.cts q/'atrialpucing and volzrtne infusion on heart rate, IeJ atrial pressure, and conrractility (mean * I SEM) 
- -. 

Left atrial mean pressure 
Heart rate (bpm) (torr) 

% Change 
Inlervention Control intervention % lncrease Control Intervention in slope n/N* 

Atrial pacing 1 7 4 f  14 233 k 1 7 i  35.6 t 3.7 4.2 + 0.9 12.1 + 1.21- +2.7 + 11.3 119 
Volume loadinr 147 f 9 152 ? 7 5 . 7 f 2 . 5  5 .1+1 .1  15.0 ? l . 6 t  -7.0 + 8.8 019 

* n is the numbcr of significant increases in slope; N is the number of studies performed 
i Significant difference from control. p < 0.05. 

of its sarcomeres. Elastance is defined by the equation 

P(t) = E(t)[V(t) - Vd] 

where E(t) is the time-varying elastance, P(t) and V(t) are the 
instantaneous pressure and volume, respectively, and Vd is the 
unstressed volume. 

There are several limitations to the application of the time- 
varying elastance model to the intact heart. In the isolated heart, 
Emax occurs at end-systole, and is equal to  the slope of the end- 
systolic pressure-volume relationship. There is, however, no dis- 
crete time in the in vivo heart to represent end-systole. Rather, 
end-systole incorporates the time from the onset of peak pressure 
to the end of ventricular ejection. Thus, some approximation of 
end-systole must be made to define Emax. We have discussed 
the reasons for our choice of peak pressure in "Material and 
methods." A second major limitation is the inability to  measure 
accurately ventricular volume in the intact subject. Several tech- 
niques that can be used to extrapolate volume from dimension 
or  arca measurements include contrast or nuclear ventriculog- 
raphy, ultrasonic crystal or tantalum screw implantation, and 
two-dimensional or M-mode echocardiography. Our  studies are 
further limitcd by the small size of the ventricle in the newborn 
lamb and the rapid growth that occurs during the 1st month of 
life. Thus, differences in volume and mass between repeated 
measures in an individual subject o r  single measurements be- 
tween different subjects will yield different pressure-volume re- 
lationships in the absence of differences in contractility, and 
modifications of this relationship are necessary. Last, the baro- 
reflex is stimulated by the large alterations in afterload that are 
necessary to generate multiple pressure-volume loops. Vagal 
discharge was blocked by atropine infusion, but adrenergic stim- 
ulation could alter contractility during the study and invalidate 
the measurement. In our protocol the individual studies were 
performed over a short period of time and there was no evidence 
of b-adrenergic stimulation, as heart rate and cardiac output were 
in all instances similar a t  the onset and at  the end of the study. 
Because of the limitations described, modifications in the in vitro 
pressure-volume relationship are necessary in order to adapt it 
to the in vrvo preparation, and many of the modifications are 
associated with a decrcase in the sensitivity of the index. 

We have modified the in vitro end-systolic pressure-volume 
relationship to  assess developmental changes in contractility in 
the growing lamb. Specifically, we have substituted wall stress 
for pressurk, used an index of volume based on a short axis 
dimension measured by M-mode echocardiography, timed our 
measurements to correspond to peak systolic pressure at the 
onset of each study, and used the slope of a linear regression 
analysis of the wall stress-volume index relationship as our index 
of contractility. Other investigators havc also used wall stress in 
place of pressure to minimize differences secondary to hypertro- 
phy or dilatation (20, 21, 26, 27). Sasayama cl a/. (21) have 
demonstrated the rationale for this modification. Dogs with 
hypertrophy secondary to  aortic banding produced steeper pres- 
sure-dimension lines than did normal animals. When wall stress- 
dimension lines were used. however, this apparent difference in 
measured contractility was abolished. They termed this differ- 
ence "hypcrfunction with normal inotropic state." Since our 
study follows animals as they grow over 1 month, one would 
expect similar changes as the left ventricular wall thickness 

increases. In addition, we chose an index of volume rather than 
dimension itself. Dimension can be used only if ventricles of 
similar size are compared (33). However, we assessed inotropic 
reserve by constructing wall stress-volume index lines at  rest and 
during isoproterenol infusion. The associated tachycardia and 
vasodilation during isoproterenol infusion caused a marked dt:- 
crease in ventricular volume. Had we used dimension rather 
than volume, the slope of the isoproterenol studies would be 
falsely decreased compared to control because the change i-n 
dimension would relatively underestimate the change in volume 
for the smaller volumes. We also compared animals at  different 
ages as ventricular volume increased greatly. Because of the 
aforementioned effects of isoproterenol and age on ventricular 
volume, we used a more appropriate index of volume, the cube 
ofdimension. It should be appreciated that this is a mathematical 
adjustment only, and does not increase the accuracy of our  
estimate of volume. The volume index as an estimate of volume 
might not be accurate if there are large changes in ventricular 
shape. Although we found n o  major geometric differences i-n 
hearts from lambs of different ages, minor configurational differ- 
ences may cause the small but not significant differences in slope 
seen in some animals. There is a rapid increase in left ventricular 
volume (34, 35) at  birth which may cause the ventricle to  become 
more spherical transiently. In the early newborn period, our  
volume index would underestimate volume and overestimate 
slope. Because of this potential problem in comparing data froni 
different weeks, we performed propranolol studies on the last 
four animals. We could then assess contractile reserve directly at  
each week and contrast any observed differences between weeks 
without comparing absolute slopes. The third modification, the 
timing of our measurements, has been addressed in "Materials 
and methods." Last, we used slope as our index of contractility. 
In in vitro studies of canine hearts, changes in unstressed volume 
occur only during regional ischemia (36). This supports the time- 
varying elastance model, which defines the intercept as repre- 
senting unstressed, or dead, volume only, and thus it is not a 
factor in systolic ventricular elastance. During regional ischemia 
or infarction, areas of the myocardium may change their diastolic 
properties and thus unstressed volume would change. However, 
some studies in humans have shown apparent changes in un- 
stressed dimension in normal hearts secondary to  changes i l l  

contractility alone (22). We did not find consistent changes in 
our volume index intercept during changes in contractility and 
thus did not incorporate it into our index of contractility. It is 
important to  note that we are assuming the unstressed volume 
of the ventricle increases similarly to absolute volume as the 
animals grow. If not, there would be a relative decrease in slope 
independent of changes in contractility, because volume would 
be increasing while wall stress remains relatively constant. It is 
extremely likely that unstressed volume does increase because 
there is marked hyperplasia and hypertrophy during the 1st 
month of life, and thus there is a large increase in contractile 
elements. However, the small trend toward a decrease in maxi- 
mal slope with increasing age may have been caused by a lesser 
increase in unstressed volume. Future studies may be more 
accurate if the impedance technique, which directly estimates 
ventricular volume (37), can be applied to the small heart. 

Even if our modifications of the in vitro pressure-volume 
relationship are valid, we believe it is still necessary to  show that 
this index is independent of loading conditions and heart rate in 



the in vivo state. The control studies were carried out at heart 
rates and ventricular volumes different from those present during 
the isoproterenol and propranolol studies, and thus changes in 
slope may reflect changes in determinants of ventricular perform- 
ance other than contractility. The range of aortic mean pressure 
uscd in all studies was similar, so afterload should not cause any 
differences in slope. Increasing preload by a rapid volume infu- 
sion did not change measured contractility in any of the five 
animals studied. Slope increased in only one of the nine studies 
during left atrial pacing to lncrease heart rate. This may have 
been a chance occurrence or it may have been secondary to  a 
direct increase in contractility caused by the increase in the 
frequency of contraction. Similarly, there was a greater increase 
in heart rate during isoproterenol infusion in the older animals. 
It is possible that some of the increase in contractility seen in 
these animals may be due to heart rate effects on  contractility, 
as defined by the force-interval relationship in isolated muscle 
strips (1 7). However, although the mechanism by which isopro- 
terenol can increase contractility in the older animals is not fully 
defined, it is important that these animals d o  have a greater 
reserve to increase contractility. 

We chose isoproterenol, a potent /3-adrenergic stimulant, to  
assess contractile reserve. Other agents alter contractility through 
different mechanisms, and thus limitation in response to isopro- 
tcrenol does not exclude a contractile response to such agents. 
However, cardiac glycosides have a limited effect on contractility 
in the newborn rabbit (38), and on myocardial performance in 
the newborn lamb (3). a-Adrenergic receptors are present in high 
concentration in young fetal sheep but decrease rapidly through- 
out gestation (39) and are unlikely to  be significant in the 
newborn. Amrinone, a positive inotropic agent in the adult which 
acts by an uncertain mechanism, is actually a negative inotropic 
agent in the newborn beagle (40). There is thus no evidence that 
agents that d o  not act via 0-adrenergic stimulation have signifi- 
cant positive inotropic activity in the newborn, although species 
differences may exist and should be investigated. 

Not only may geometry change with age, but also composition 
of the myocardium may change. If water and connective tissue 
content is proportionately higher in the newborn than it is in the 
fetus (4), both the systolic elastic and the diastolc properties of 
the heart would be altered. Thus comparing maximal contractile 
ability between ages may not be possible for reasons independent 
of sarcomere function. However, the presence of a reserve in 
contractility would not be affected by the composition of the 
myocardium, and we thus stress that the major difference that 
we found between the newborn and older lamb is not in maximal 
contractile ability, but in the more limited reserve that exists in 
the newborn. These data are congruent with studies that have 
employed load-dependent indices of performance. Although no 
other investigators have directly measured contractile reserve in 
the newborn, Berman and Musselman (6) measured preejection 
phase indices in newborn and adult sheep. The newborn showed 
a resting dP/dt max that was 45% greater than the adult, and a 
velocity of contractile element shortening that was 59% greater 
at a developed pressure of 40 torr and 96% greater at a developed 
pressure of 10 torr. Riemenschneider et ul. (7) found that the 
velocity of contractile element shortening increased greatly at  
birth to levels far above those seen in the adult. Similarly, the 
extrapolated maximal velocity of shortening was much higher 
than that seen in the adult. Moreover, during subsequent post- 
natal maturation, these indices declined to levels intermediate 
between the newborn and adult. 

Our data show that there is limited increase in myocardial 
contractility in response to  isoproterenol in the lamb during the 
1st wk of life, and that contractile reserve gradually increases in 
the 2nd and 3rd wk and is present in most animals by the 4th 
wk. The two animals that showed no reserve in the 4th wk had 
not demonstrated any reserve previously: for some reason they 
apparently remained under a high degree of inotropic stimulation 
throughout the month. One of these animals grew poorly and 

weighed only 5.7 kg at 4 wk. Although we were not measuring 
H b  concentration when these two animals were studied, a more 
prolonged or severe physiologic anemia may have been present 
and would have caused greater adrenergic stimulation. 

In order to  understand why there was limited contractile 
reserve in the majority of the younger animals, we first compared 
our resting data from the different ages and later used propranolol 
to block p-adrenergic activity. When comparing animals, we saw 
heart rate and absolute cardiac output decrease progressively 
with age despite a large increase in weight. Also, maximal con- 
tractility apparently did not increase during isoproterenol infu- 
sion over the 1st month of life in the lambs studied. After 
propranolol was given, contractility decreased compared to rest- 
ing levels in the first 2 wk of life only. This absence of a negative 
inotropic effect of propranolol in the older lambs confirms the 
findings of other investigators. Klopfenstein and Rudolph (1) 
found a 15% decrease in cardiac output after propranolol admin- 
istration in 1-wk-old lambs, but only an 8% decrease in 4-wk- 
old lambs. Moreover, this small decrease in cardiac output was 
entirely abolished after pretreatment with atropine. They thus 
concluded that the decrease in cardiac output seen in the older 
lambs was secondary to  the negative chronotropic effects of 
propranolol, and not caused by a negative inotropic effect. Sim- 
ilarly, Sidi et al (unpublished data) found that propranolol caused 
a decrease in cardiac output of only 8% in lambs about 1 month 
of age, which was associated with a decrease in heart rate of 
about 18%. Thus, the high level of /3-adrenergic stimulation in 
the neonate decreases with increasing age, and there is a coinci- 
dent increase in contractile reserve. 

In summary, we have adapted the in vitro end-systolic pressure- 
volume relationship to  the chronically instrumented lamb model 
to assess changes in left ventricular contractility and contractile 
reserve. The wall stress-volume index relationship proved to be 
linear over a physiologic range of afterload. We applied this 
relationship to  the lamb and found little reserve in contractility 
in the 1st wk of life, and a progressive increase in reserve with 
increasing age during the 1st month of life. The limited reserve 
in the younger animals appears to  be secondary to  a high resting 
P-adrenergic state rather than to developmental differences in 
myocardial function. 
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