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ABSTRACT. Right and left ventricular function were in- function curve. but differs in that it is positioned "above" the 
vestigated in 12 fetal lambs (127-140 days gestation) left ventricular curve. Although these experiments support the 
instrumented with electromagnetic flow sensors on the concept of right ventricular dominance, statistical significance 
ascending aorta and the main pulmonary artery, and with between the positions of the function curves was not achieved 
vascular catheters. Nine fetuses were equipped with a possibly because of biologic variability between animals. 
postductal aortic occluder and the trachea was cannulated When assessing the response to  changes in arterial pressure, 
in eight. Control arterial blood values were pH 7.36 + 0.02 the two ventricles have been found to differ significantly (4. 5). 
(SD), PC02 49.3 + 2.3 torr, PO2 18.4 + 1.7 torr, and In the arterial pressure range from 20-90 tom, right ventricular 
hematocrit 37.3 2 4.4%. Biventricular function curves stroke volume was very negatively influenced by arterial pressure. 
relating stroke volume to mean right and left atrial pressure while left ventricular stroke volume was minimally affected. 
were generated by rapid withdrawal and reinfusion of fetal These preliminary findings indicate that the two fetal ventricles 
blood. Both function curves were composed of steep as- distinctly differ in their response to changes in arterial pressure. 
cending and plateau limbs that intersected a t  a breakpoint. The two ventricles may also differ in their acute responses to 
Stroke volumes a t  the breakpoints were 0.94 + 0.19 ml. the changes that take place at birth. At the time of birth. the fetal 
kg-' and 0.63 2 0.15 ml. kg-' for right and left ventricle, left ventricle nearly doubles its stroke volume (6). This finding 
respectively ( p  < 0.001). During postductal aortic occlu- has also been demonstrated during in lrtero ventilation (7). 
sion, arterial pressure increased by 19.3 + 7.9 torr while Mechanisms for the increased stroke volume at birth have not 
right ventricular stroke volume decreased by -48% and been conclusively shown (6, 7). The increase in left ventricular 
left ventricular stroke volume decreased by -9%. I n  utero stroke volume with in irtr'ro ventilation occurs despite 8-adrener- 
ventilation increased arterial pressure, heart rate, PO2, and gic blockade, and is associated with an upward shift of the left 
oxygen content. Right atrial pressure increased from 3.9 + ventricular function curve, and the establishment of a left-right 
1.3 to 5.8 + 2.9 torr (g < 0.05); left atrial pressure from interatrial pressure gradient (7). As yet. right ventricular function 
3.5 f 1.5 to 10.0 + 4.4 torr ( p  < 0.05). Aortic flow nearly has not been assessed during in Lrfero ventilation. A similar 
doubled (1 12 2 29 to 21 1 2 35 ml. min-' .kg-') (p  < 0.05), upward shift in the right ventricular function curve with in trtcro 
and the left ventricular function curve shifted upward. The ventilation would support the concept of a circulating inotropic 
right ventricular function curve was shifted downward dur- substance as the cause for stroke volume increases at birth. Thus, 
ing ventilation. We conclude that the fetal ventricles differ the purpose of this investigation was to measure right and left 
significantly in their outputs, response to changes in arte- ventricular stroke volumes simultaneously during changes in 
rial pressure, and to the onset of in utero ventilation. filling pressure, arterial pressure and during in lrtero ventilation. 
(Pediatr Res 22: 621-626, 1987) 

MATERIALS AND METHODS 

Animuls. Ewes of mixed breeds were bred at our institutional 
From early investigations on acutely instrumented, anesthe- farm to provide dated pregnancy and were brought to the labo- 

tized animals, it was concluded that the fetal ventricles have ratory Pens Several days before surgery to become accustomed 
similar outputs (I).  Subsequent studies in chronically instru- to the surroundings. Fetuses of known gestation (123-133 days) 
mented, unanesthetized fetal lambs have shown a consistent were selected for 
right ventricular dominance under control with the Surgicul  procedtrres. Ewes and fetuses underwent sterile sur- 
right ventricular output comprising 55-67% of the combined geV using protocols ~reviously described (4. 5, 7). ~ n e s t h e s i a  
fetal cardiac output (2, 3). ~~~~l right and left ventricular stroke was induced with intravenous methohexitol and maintained with 
volumes have been measured separately during changes in filling 1 % halothane in nitrous oxide and oxygen. h he fetus was deliv- 
pressure produced by hemorrhage and crystalloid infusion. and ered through a midline laparotomy and hysterotomy. ~ o l ~ v i n ~ l  
during changes in arterial pressure (4, 5). These studies have catheters (V-5, 1.3 mm O D  or V-8 1.7 m m  OD, Bolab Inc., ~ a k e  
shown that the right ventricular function curve relating stroke Havasu City. AZ) were placed in the right carotid artery and 
volume to atrial pressure has a shape similar to the left ventricular advanced to the brachiocepha1ic artery and in the right Jugular 

vein and advanced to the right atrium. The trachea was entered 
Received March 9. 1987; accepted July 16. 1987. near the level of the thyroid gland and a double lumen 6.0 m m  
Correspondence Kent L. Thornburg, Ph.D.. Department of Physiology. L334. polyvinyl tube (Argyle Salem Sump. Shemood Medical. St. 

Oregon Health Sciences University, 3181 S.W. Sam Jackson Park Road. Portland, ~ ~ ~ i ~ ,  MO) Secured by circumferential suture with the tip OR 97201. 
Supported by USPHS HL 29324. American Heart Association/Oregon Affiliate. of the tubing just above the trachea1 bifurcation. 

and the Med~cal Research Foundation of Oregon. A left thoracotomy was performed in the third intercostal 
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space to gain access to the fetal heart. The pericardium was 
opened along the pulmonary artery and from the superior vena 
cava on the right to the phrenic nerve on the left. The main 
pulmonary artery and ascending aorta were dissected free and 
snug fitting electromagnetic flow sensors (C & C Instruments, 
Culver City, CA) were placed on the ascending aorta just above 
the coronary arteries and the main pulmonary artery proximal 
to the bifurcation of the artery and the ductus arteriosus. A V-5 
catheter with a 4 mm V-8 tip was placed in the left atrium and 
a 3-cm silicone rubber catheter with side holes was spliced to a 
long polyvinyl catheter and placed in the pericardial sac for 
measurement of pericardial pressure. The pericardial incision 
was left open. An occluder (In Vivo Metric, Heraldsburg, CA) 
was placed on the juxtaductal descending aorta distal to the 
aortic isthmus. The thoracotomy was closed in layers and a 3.3- 
mm double lumen tube (Argyle Salem, Sump Sherwood Medical, 
St. Louis, MO) was attached to the fetal skin. The fetus was 
returned to the uterus and the uterus closed. All catheters, flow 
sensor cables, and ventilation tubing were tunneled to the side 
of the ewe where they were kept in nylon pouches. The tracheal 
and smaller Salem sump tube were joined in a closed loop to 
allow for fetal pulmonary drainage. Penicillin (lo6 U) was intro- 
duced into the amniotic cavity at the end of the procedure. 
Following surgery, ewes were brought to a clean pen where they 
recovered from surgery for several days before experiments were 
performed. 

Laboratory procedures. On the day of the experiment, the ewe 
was put into a stanchion and given food and water ad libidum. 
Hydrostatic pressures were converted to electrical signals by I.D. 
Statham Gould (Gould Inc., Oxnard, CA) pressure transducers. 
Pressures were measured from the right atrium (via the jugular 
vein), left atrium, aortic arch (via the carotid artery), trachea, 
amniotic and pericardial spaces, and were recorded on a Beck- 
man R611 recorder (Beckman Instruments, Schiller Park, IL). 
Transducers were calibrated to the nearest 0.5 ton  with a water 
manometer. All vascular pressures were referenced to the peri- 
cardial pressure. The flow sensors were calibrated preoperatively 
in vitro using appropriate caliber sheep arteries and blood. The 
flow meters (Gould SP2202, Gould Inc.) were adjusted to zero 
during diastole when aortic and pulmonary arterial flow were 
assumed to be zero. 

Outputs from all channels were recorded onto floppy disks 
utilizing a Hewlett-Packard 3437A system voltmeter and 9826s 
computer (Desk Top Computer Division, Fort Collins, CO). 
Digital signals were sampled every 10 ms and averaged every 5 
s. All output data from the disk were checked against original 
strip chart records. 

Experimental protocol. With vascular catheters opened, but 
prior to other manipulations, arterial blood gas tensions, pH, 
and oxygen contents were measured. Animals with an arterial 
POz greater than or equal to 16 torr and pH greater than or equal 
to 7.3 during the control period were accepted for the protocol. 
Control values of vascular pressures, simultaneous left and right 
ventricular outputs, and heart rate were recorded. Fetuses were 
given the cholinergic blocking agent, atropine (0.5 mg/kg), and 
the P-adrenergic blocking agent, propranolol (1 mg/kg), to min- 
imize the effects of autonomic compensatory mechanisms (8). A 
second set of hemodynamic values were recorded during cardiac 
autonomic blockade. The fetuses were then studied under three 
protocols to determine the responses of the right and left ventric- 
ular stroke volume to changes in filling and arterial pressures 
and to in utero ventilation. 

Protocol A. Left and right ventricular performances were stud- 
ied simultaneously by generating function curves relating left 
and right ventricular outputs measured by electromagnetic flow 
sensors to mean left and right atrial pressures, respectively. 
Biventricular function curves were formed by rapidly withdraw- 
ing and reinfusing fetal blood through a V-8 carotid artery 
catheter as previously described (4, 5, 7). A plot of right and left 
ventricular stroke volumes as a function of the respective mean 

atrial pressures was observed on the cathode ray tube of the 
microcomputer to vary atrial pressure between 1 and 8 torr. 

Protocol B. Following a recovery period of 15-30 min, cardiac 
autonomic blockade was readministered and the simultaneous 
responses of left and right ventricular outputs to increasing 
arterial pressure were studied. If necessary, the filling pressure 
was increased by bolus infusion of Ringer solution until the 
plateau of the function curve was reached. Arterial pressure was 
increased by stepwise increments of inflation of the juxtaductal 
aortic occluder. Arterial pressure was increased about 20 torr 
and then the occluder was released. The stepwise occlusion and 
release were completed in 60 s. Ventricular outputs and arterial 
pressure were recorded continuously and a plot of right and left 
ventricular stroke volume as a function of arterial pressure was 
monitored on the cathode ray tube of the microcomputer. 

Protocol C. The tracheal tube was connected to a respiratory 
pump (Harvard Apparatus Co., model 607a, South Natick, MA) 
and the fetus was ventilated with oxygen as previously described 
(7, 9). The fetus was respired at a ventilatory rate of 40-50/min 
and tidal volumes of 15-25 ml . kg-' estimated fetal weight. Peak 
inspiratory tracheal pressures were between 15 and 25 torr. After 
a 15- to 20-min ventilation period, cardiac autonomic blockade 
was readministered and control hemodynamic data were ob- 
tained. Arterial blood was obtained for measurement of pH, gas 
tensions, and oxygen content. Following these control measure- 
ments and during ventilation, left and right ventricular perform- 
ance were studied in a manner identical to protocol A except for 
the maintenance of pulmonary ventilation with oxygen. At the 
end of experimentation, the ewe and fetus were killed with an 
intravenous bolus injection of barbiturate. The fetus was weighed 
and autopsied to determine catheter positions, flow probe fit, 
and healing. 

STATISTICAL ANALYSIS 

Function curves relating stroke volume to mean atrial pressure 
were subjected to analysis by least squares of two intersecting 
lines (10, 11). The best intersection point (breakpoint) was de- 
termined from the average of the seven atrial pressures which 
gave the lowest sum of residuals (5). The function curve consisted 
of an ascending limb, breakpoint, and a plateau limb, each 
characterized mathetmatically. Function curves were compared 
by two methods: one-way analysis of variance for the regression 
coefficients and breakpoints, or by two-way analysis of covari- 
ance on data normalized to control breakpoint values of stroke 
volume and atrial pressures (7, 12). 

RESULTS 

Successful experiments were performed in 12 fetal lambs. 
Gestational ages, weights, days postoperation, and the protocols 
performed are indicated for each fetus in Table 1. Control arterial 
blood gases and oxygen contents and their responses to pulmo- 
nary ventilation are shown in Table 2. Control hemodynamic 
data before and after cardiac autonomic blockade and during 
pulmonary ventilation are shown in Table 3. Left ventricular 
stroke volumes are not corrected for coronary flow. 

Protocol A. Simultaneous left and right ventricular function 
curves were generated prior to ventilation in all 12 fetuses. The 
simultaneous right and left ventricular function curves for fetus 
10 and the average function curves for all 12 fetuses are shown 
in Figure 1. The curves of the two ventricles were similar in 
shape in that with increasing atrial pressure, ventricular stroke 
volume increased rapidly until a mean filling pressure of approx- 
imately 3-4 tom was reached as shown vreviouslv (4, 5). Increas- . . .  , 
ing filling pressures of more than 3-4-tom was associated with 
only minimal further increases in ventricular stroke volume. The 
left and right ventricular function curves differed in that for any 
given filling pressure, right ventricular stroke volume exceeded 
left ventricular stoke volume (Fig. I). The stroke volumes and 
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atrial pressures at the breakpoint (the intersection between the 
ascending and plateau limbs) for the left and right ventricle did 
not differ from the stroke volumes and atrial pressure noted in 
the control state prior to the experimental manipulation (Table 
3). The slopes of the ascending limbs of the right and left 
ventricular function curves were not different (p = 0.93). The 
slope of the plateau limb of the left ventricular function curve 
was greater than the plateau of the right ventricular function 
curve at a borderline significance level (p = 0.06). 

Protocol B. In nine of the fetal lambs, we were able to measure 
the changes in ventricular stroke volumes during increases in 
arterial pressure produced by occlusion of the descending aorta. 
During occlusion, arterial pressure increased from 58.5 k 6.5 to 
78.7 + 9.7 torr. Both ventricular stroke volumes decreased during 
aortic occlusion; however, the decrement in ventricular output 
per unit increase in arterial pressure was almost 5-fold greater 
for the right ventricle than for the left ( p  <0.00 1 )  (Fig. 2). 

Protocol C. Eight fetal lambs were ventilated with oxygen in 

Table 1.  Experimental animals and protocols 
Gestational age 

Fetus (days) 
Days Experimental 

Wt (kg) postoperation protocols* 

2.0 4 A 
3.9 5 A, B, C 
3.5 6 A, B 
5.0 6 A, B, C 
4.6 6 A, C 
3.8 1 1  A, B 
3.0 9 A 
3.4 10 A, B, C 
6.0 10 A, B, C 
4.3 7 A, B, C 
5.4 10 A, B, C 
3.5 8 A, B, C 

Mean 137 4.0 7.7 A , n =  12 
B , n = 9  

+SD + 1.1 C , n = 8  

* Protocol A = left and right ventricular function curves relating stroke 
volume to mean atrial pressure were generated simultaneously in the 
control state. Protocol B = simultaneous response of left and right 
ventricular stroke volumes to increases in arterial pressure. Protocol C = 
in ulero ventilation with generation of simultaneous left and right ven- 
tricular function curves. 

utero. Ventilation resulted in a doubling of the fetal arterial 
oxygen content with a corresponding increase in PO* (Table 2). 
The hemodynamic responses to in utero ventilation are shown 
in Table 3. Figure 3 shows the time course of hemodynamic 
changes after the initiation of in utero ventilation in a represent- 
ative fetus. Simultaneous left and right ventricular function 
curves were obtained during in utero ventilation as described in 
protocol A. Average function curves and breakpoints before and 
after ventilation are shown in Figure 4. The left ventricular 
function curve was shifted upward and the breakpoint left atrial 
pressure increased from 2.3 + 0.8 to 4.5 f 1.1 tom ( p  < 0.00 1 ) .  
Neither the slope of the ascending nor plateau limb was changed 
by ventilation. Breakpoint left ventricular stroke volume was 
increased by 70% (p < 0.001). In contrast, the ascending and 
plateau limbs of the right ventricular function curve was shifted 
downward (p < 0.005) during in utero ventilation with oxygen. 
The slopes of the limbs were unchanged. 

DISCUSSION 

We believe this study accurately defines the responses of the 
mature fetal lamb ventricles to changing hemodynamic condi- 
tions and in utero ventilation. The fetuses were studied unanes- 
thetized and remote from the trauma of surgical instrumentation. 
Arterial blood gas measurements, pH, and hematocrit were 
similar to measurements obtained in other studies of chronically 
instrumented fetal lambs (2,4, 5, 13). The control measurements 
of hemodynamic values are similar to values reported from this 
laboratory and others for atrial and arterial pressures and for 
heart rate in chronically instrumented fetal lambs. The right and 
left ventricular stroke volume values are lower in this report than 
we have noted in separate studies of the ventricles using flow 
probes (4, 5) or that others have noted using indicator dilution 
techniques (2,3). We are unable to explain this discrepancy. The 
flow probes (C & C Intruments) were similar to those used for 
previous experiments and were calibrated in the identical manner 
with sheep blood and excised sheep blood vessels. We note that 
the responses of the individual ventricles to filling or arterial 
pressure changes are consistent with previous investigations of 
the ventricles studied separately (4, 5). Furthermore, the per- 
centage increase in left ventricular stroke volume at the break- 
point of the function curve during ventilation (70%) is similar 
to the increase reported when the left ventricle was studied alone 
(62%). We conclude that the reduced values of right and left 
ventricular output reported herein may represent normal biologic 

Table 2. Arterial blood gas tensions, oxygen contents, and hematocrits in control state and following in utero ventilation 

pH Pco2 Po2 CaOz Hematocrit (%) 

Control 7.36 t 0.02 49.3 t 2.3 18.4 + 1.7 6.6 t 1.3 37.3 C 4.4 
Ventilation 7.36 t 0.04 41.7 + 4.3* 105.4 + 118.0* 13.4 t 2.3* 39.1 t 4.0 

* p <0.05, ventilation versus control. 

Table 3. Hemodynamic values before and after cardiac autonomic blockade and during in utero ventilation (mean + SD)* 
Q aorta Q pulmonary LVSV RVSV HR 

RAP (torr) LAP (torr) AP (torr) ( m l  min-' . kg-') (ml . min-I .kg-') ( m l  kg-') (ml. kg-') (min-I) 

Control 3.5 t 0.9 3.2 + 1.1 49.2 + 6.7 107 t 25 160 & 28 0.67 _t 0.16 1.02 t 0.25 160 -+ 2 1 
Blockedt 3.9 t 1.3 3.5 + 1.5 50.5 + 5.6 112+29 167 + 33 0.64 + 0.21 0.95 t 0.22 177 + 20 
Ventilation$ 5.8 + 2.9 10.0 + 4.4 60.3 & 11.2 211 t 35 164 t 22 1.07+0.16 0 .83t0 .13 198+17 
Significance Q. II 0. II Q. II 0. II NSI Q. II NSI 9 II. ** 

* RAP, right atrial pressure; LAP, left atrial pressure; AP, arterial pressure; Q aorta, mean aortic flow; Q pulmonary, mean pulmonary artery 
flow; LVSV, left ventricular stroke volume; RVSV, right ventricular stroke volume; HR, heart rate. 

t Values obtained after P-adrenergic and cholinergic blockade. 
$Values obtained after 0-adrenergic and cholinergic blockade and during in utero pulmonary ventilation with oxygen. 
$ control versus ventilation different p < 0.005. 
(1 blocked versus ventilation different p < 0.05. 
7 No significant difference among or between groups. 
** control versus blocked different p < 0.05. 
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MERN R T R I A L  PRESSURE ( t o r r )  

MEAN A T R I R L  P R E S S U R E  ( t o r t - )  
Fig. I. A, simultaneous stroke volumes are shown for the right ven- 

tricle (+) and left ventricle (0) of a fetus during alterations of mean right 
and left atrial pressures produced by rapid hemorrhage and reinfusion. 
Each data point represents a 5-s average. Eachfunction curve consists of 
a steep ascending limb at  low atrial pressures and a plateau limb at 
elevated atrial pressures. B, the average simultaneous function curves for 
all 12 fetuses were determined by forcing the average regression coeffi- 
cients for the ascending and plateau limbs of the right and left ventricular 
function curves through their respective average breakpoint stroke vol- 
ume-mean atrial pressure coordinates. The right ventricular function 
curve has a steep ascending limb with a mean slope of +0.37 t 0.17 ml. 
kg-'. torr-' and a plateau limb with a mean slope of +0.01 k 0.02 ml. 
kg-'. ton-'. The stroke volume intercept of the two limbs is 0.94 t 0.19 
ml. kg-'. min-'. The left ventricular function curve has a steep ascending 
limb with a mean slope of +0.36 r 0.26 ml. kg-'. tom-' and a plateau 
limb with a mean slope of +0.03 + 0.02 ml.kg-'.torn-'. The stroke 
volume intercept of the two limbs is 0.63 a 0.15 ml. kg-', a value that 
significantly differs from the intercept right ventricular stroke volume (p 
<o.oo I j. 

variability or may be due to an unrecognized effect of the 
experimental preparation. Nevertheless, the data presented are 
internally consistent and firmly establish the relative position of 
the right and left ventricular function curves before and during 
in utero ventilation and the differential effects of arterial pressure 
on right and left ventricular stroke volume. 

Right ventricular dominance was described by Heymann et 
al. (3) in the chronically instrumented fetal lamb, but questioned 
in the human later by St. John Sutton et al. (15, 16) who studied 
hearts with echocardiography and by postmortem morphometry. 
Subsequent Doppler studies of human fetuses support the con- 
cept of right ventricular dominance in our species (1 7, 18). We 
performed a volumetric and morphometric analysis of the ma- 
ture fetal lamb heart in order to determine whether anatomic 
features might explain right ventricular dominance (19). The 

MEAN R R T E R I A L  PRESSURE ( t o r r !  

A R T E R I A L  PRESSURE CHRNGE ( t o r r )  

Fig. 2. A, simultaneous right ventricular (+) and left ventricular (0) 
stroke volumes of a fetus are shown during stepwise increases in arterial 
pressure produced by inflation of an occluder on the descending aorta. 
Each data point represents a 5-s average. Although right ventricular 
stroke volume is greater than left ventricular stroke volume under control 
conditions, right ventricular stroke volume is much more sensitive to 
increased arterial pressure than left ventricular stroke volume. B, the 
simultaneous average responses of the right and left ventricles to in- 
creased arterial pressure are shown for nine fetuses. Stroke volume is 
expressed as a percent of control value and arterial pressure as the 
increment above control. The linear regression coefficient for each ven- 
tricle was calculated, the average slope forced through 100% on the Y 
axis and the lines extended through the pressure range studied. The right 
ventricular pressure sensitivity (-2.5 + 1.4% stroke volume.torr-') was 
more than five times the left ventricular pressure sensitivity (-0.5 t 
0.7% stroke volume. torr-') (p < 0.001). 

fetal lamb right ventricular volume is greater than left ventricular 
volume at all common filling pressures. Thus, if right and left 
ventricular ejection fractions are similar, the fetal right ventricle 
will have a larger stroke volume than the left ventricle at all 
common filling pressures and this is the result found in our 
study. 

The shape of the fetal biventricular function curve was first 
described by Gilbert (20) using three points obtained by an 
indicator dilution technique. The steep relationship between 
atrial pressure and stroke volume at low filling pressures and the 
relatively flat relationship at atrial pressures above control are 
common to both the right and left ventricular function curves in 
the present study. It must be recognized that the function curves 
derived in this and previous studies (4, 5, 7, 20, 21) have 
associated arterial pressure changes. Thus, their shape would be 
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TIME AFTER INITIATION OF 
MECHANICAL VENTILATION ( m i n )  

Fig. 3. The time course of right ventricular stroke volume (+), left 
ventricular stroke volume (O), and heart rate (x) are shown for a fetus 
during the initiation of mechanical ventilation with oxygen in utero. The 
increase in left ventricular stroke volume is rapid and reaches right 
ventricular values within 10 min. Right ventricular stroke volume falls 
slightly. Heart rate falls about 30 beatslmin in the absence of cholinergic 
blockade. After cholinergic and P-adrenergic blockade, ventilation, on 
average, raised heart rate (Table 3). 

different at constant arterial pressure with a slight increase in 
both the ascending and plateau slopes owing to the negative 
relationship between arterial pressure and stroke volume. 

Gilbert (21) also described the inverse relationship between 
biventricular output and arterial pressure. It is now apparent that 
the inverse relationship between stroke volume and arterial pres- 
sure resides largely with the right ventricle. The reductions in 
stroke volume shown in Figure 2B were accomplished by in- 
creased atrial as well as arterial pressure. Thus, although care was 
taken to assure that the ventricles were studied on the plateau 
limb of the function curve, the curves might be steeper were 
atrial pressure held constant. We do not believe changing atrial 
pressure can account for the different responses of the two 
ventricles. The explanation for differential sensitivity to arterial 
pressure may, again, be in the morphology of the fetal ventricles 
(19). Not only is the fetal right ventricle larger than the left 
ventricle, but the circumferential radius of curvature to wall 
thickness ratio is nearly twice as great in the right than left 
ventricle (19). This ratio, an important determinant ofwall stress 
and, therefore afterload, indicates that the fetal right ventricle 
may have a much higher afterload at any given arterial pressure 
than the left ventricle. Thus, the differential effects of arterial 
pressure on stroke volume in the fetal ventricles described herein 
confirm previous reports of ventricles studied separately and are 
consistent with fetal ventricular morphometry. Another expla- 
nation for the differing pressure sensitivities of the fetal ventricles 
might lie in the impedances of the aorta and pulmonary artery. 
If important differences in impedance exist, a constriction distal 
to the ductus might have a different effect on the right than the 
left ventricle. 

That the two ventricles have different sensitivities to arterial 
pressure has interesting implications in pathologic situations. 
Increases in systemic arterial pressure in association with fetal 
stress or  hypoxia (22-24) would be expected to decrease right 
ventricular stroke volume to a much greater extent than left, a 
finding that might adversely affect blood flow and oxygen deliv- 
ery to the lower body. The discrepancy between right and left 
ventricular stroke volume responses to arterial pressure might be 
even further pronounced in the stressed newborn with birth 
asphyxia and persistent hypoxemia prior to closure of the ductus 
arteriosus. There is ample clinical evidence of selective right 

RIGHT VENTRICLE - 

MEAN ATRIAL PRESSURE (torr) 

6 LEFT VENTRICLE 

-------- ------- VENTILRTION - I 7----- 

MEAN ATRIAL PRESSURE (torr) 
Fig. 4. Average function curves for the right and left ventricle before 

and during in utero ventilation were constructed as described in Figure 
1 ( n  = 8). A,  the right ventricular function curve was depressed by in 
utero ventilation (analysis of covariance, p <0.005). The control break- 
point stroke volume, 0.94 + 0.19 ml.kg-' at 2.8 + 1.0 tom, was not 
different from the breakpoint during ventilation, 0.81 f 0.16 ml .kg-' at 
3.3 + 1.3 tom. The ascending limb slopes, 0.37 + 0.17 and 0.29 + 0.29 
ml. kg-'. torn-', and the plateau slopes, 0.01 k 0.02 and 0.03 + 0.02 ml. 
kg-'. tom-', were not different between control and ventilation, respec- 
tively. B, the left ventricular function curve was shifted upward during 
in utero ventilation (analysis of covariance, p < 0.001). The breakpoint 
stroke volume increased from 0.63 + 0.15 to 1.07 + 0.09 ml. kg-' while 
atrial pressure increased from 2.3 + 0.8 to 4.5 + 1 . 1  ton @ < 0.001) 
during ventilation. The ascending limb slopes, 0.36 + 0.26 and 0.27 f 
0.10 ml. kg-'. tom-' and plateau limb slopes, 0.03 + 0.02 and 0.0 1 + 
0.02 ml. kg-'. ton-' were not different between control and ventilation, 
respectively. 

ventricular dysfunction in this setting of neonatal hypoxemia 
and persistent pulmonary hypertension of the newborn (25, 26). 

We are uncertain as to the exact relationship between the 
hemodynamic adjustments at birth and those seen during in 
utero ventilation. Preliminary reports from Rudolph's (27-29) 
laboratory show that placental flow is decreased, foramenal flow 
nearly abolished, and ductal flow reversed during in utero ven- 
tilation. Pulmonary blood flow is dramatically increased. Thus, 
it appears that in utero ventilation mimics the hemodynamic 
events at the moment of birth. Of course, by circumventing the 
birth process itself and the need for neonatal thennogenesis and 
respiration, it is easier to examine the precise hemodynamic 
events that lead to increased cardiac output at birth. 

The mechanisms for left ventricular stroke volume increase at 
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birth remain undefined. There is no evidence for decreased left 
ventricular afterload either with birth or with in utero ventilation; 
aortic pressure is increased in both instances. Contractility might 
be increased by catecholamines at birth. Klopfenstein and Ru- 
dolph (8) showed previously that P-adrenergic blockade did not 
significantly reduce left ventricular stroke volume in the neonatal 
lamb. In this and our previous study (7) of left ventricular stroke 
volume during in utero ventilation, the increase in stroke volume 
occurred despite P-adrenergic blockade. We cannot exclude the 
possibility that oxygen is inotropic in the fetus or that some other 
inotropic substance is released from the lungs with ventilation. 
However, the careful study of Anderson et al. (30) of fetal lamb 
cardiac dimensions and shortening shows no important change 
in fractional shortening after birth despite a measureable increase 
in inotropy. Furthermore, both Anderson et al. (30) and Kirk- 
patrick et al. (3 1) found increased left ventricular dimension at 
birth. Thus, we believe that the most likely mechanism for left 
ventricular stroke volume increase at birth is increased left 
ventricular end-diastolic volume. The fact that a stroke volume 
increase of this magnitude cannot be brought about by increased 
left atrial pressure before birth ( 5 ,  7) suggests that the left ven- 
tricular pressure-volume relationship is altered at birth and with 
in utero ventilation. The left ventricular pressure-volume rela- 
tionship could be shifted by ventricular interaction through the 
establishment of a left to right atrial pressure gradient (32, 33). 
The importance of right ventricular pressure to left ventricular 
volume in fetal lamb hearts has been demonstrated (1 9, 34). 

How right ventricular stroke volume is increased at birth 
remains unanswered. We found that the right ventricular func- 
tion curve was actually shifted downward with in utero ventila- 
tion. We believe that this is further evidence against a prominent 
role of an inotropic substance released at birth because there is 
no obvious reason that the right ventricle should not respond to 
the same extent as the left ventricle to a circulating inotropic 
substance. Furthermore, the fact that the right ventricular func- 
tion curve shifted downward may be additional evidence for 
ventricular interaction as an important mechanism for changes 
in cardiac function at birth. As left ventricualr diastolic pressure 
increases with respect to right ventricular pressure, right ventric- 
ular volume should be lower at any given filling pressure. If true, 
how could right ventricular stroke volume go up at birth? The 
mechanism for the subsequent increase in right ventricular stroke 
volume after birth may be reduced pulmonary artery pressure 
and impedance. As noted previously, fetal right ventricular stroke 
volume is inversely related to pulmonary artery pressure (4). 
Thus, the anticipated upward shift of the right ventricular func- 
tion curve may not be seen until pulmonary vascular resistance 
has completed its fall and the ductus arteriosus has closed. 
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