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CARDIAC PERFORMANCE IS USUALLY DETERMINED

by preload, afterload, contractility, and heart
rate.1 Synchronous contraction of the ventri-

cles has also recently been shown to be of importance.2

During veno-arterial extracorporeal membrane oxy-
genation, there are important changes in preload.3

Owing to the drainage from the right atrium to the
pump, the preload for the right ventricle is decreased.
Then, because the pulmonary circulation is bypassed,
the preload for the left ventricle will also be decreased.

In contrary to the situation in cardiac bypass surgery,
the heart during extracorporeal membrane oxygena-
tion is not empty. Most ultrasonic observations dur-
ing extracorporeal oxygenation show a non-collapsed
heart, even at high rates of flow through the pump.4

Rates of flow from 180 to 200 millilitres per kilogram
per minute are usually used, these being almost equal
to the normal neonatal cardiac output.5 Changes in
loading conditions are frequently attributed to alter-
ations in left ventricular dimensions and fractional
shortening during bypass.6,7 After 1 or 2 days on 
bypass, a significant decrease in fractional shortening
is observed. During this period, there is also left-to-
right shunting through the patent arterial duct in a
significant proportion of neonates undergoing extra-
corporeal oxygenation.7–9 This ductal shunt will
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increase the pulmonary perfusion, and thus increase
the preload to the left heart. We sought to investi-
gate the changes in intra-cardiac volume induced by
such a left-to-right ductal shunting, and its conse-
quences for changes in left ventricular dimensions
and fractional shortening. On the one hand, because
of the increase produced in loading conditions for
the left ventricle, we might anticipate an increase in
fractional shortening. Indeed, it has been suggested
that the left-to-right ductal shunt could protect the
left ventricle against any decrease in fractional short-
ening.10 On the other hand, the stressed nature of
the myocardium during this phase of extracorporeal
bypass might be incapable of tolerating the increased
loading conditions induced by the ductal shunt shortly
after the commencement of membrane oxygenation.

Methods

We studied consecutively 29 patients meeting the
standard criterions11 for extracorporeal membrane
oxygenation. This is the same group of patients 
we have studied previously so as to explore other
aspects of influences induced by patency of the arte-
rial duct during extracorporeal membrane oxygena-
tion.9 According to our institutional protocol, all
patients were treated with veno-arterial extracorpo-
real membrane oxygenation. Veno-venous membrane
oxygenation was not performed in our institution
until 2004, and was not used in any of the patients
studied in this investigation. There were 10 girls and
19 boys in our cohort. The mean weight at birth was
3,306 grams, with standard deviation of 574 grams.
Membrane oxygenation was indicated because of
meconium aspiration syndrome in 16 neonates (55
per cent), congenital diaphragmatic hernia in 8 (28
per cent), respiratory distress syndrome in 1 (3 per
cent), and neonatal sepsis in 4 (14 per cent). Left-to-
right shunting across a patent arterial duct was obs-
erved in 56 per cent of the neonates with meconium
aspiration syndrome, 75 per cent of those with con-
genital diaphragmatic hernia, in the only patient with
respiratory distress syndrome, and in 2 of the 4 with
neonatal sepsis. The mean age at the time of cannu-
lation was 1.8 days, with standard deviation of 1.3
days. All ultrasonic interrogations were performed
with a Toshiba SSH 140 machine, using sector- and
M-mode echocardiography, and calculating frac-
tional shortening in the parasternal long axis view.
This was calculated as the diastolic dimension of the
left ventricle minus the systolic dimension of the left
ventricle divided by the diastolic dimension of the
left ventricle, multiplied by 100, and expressed as a
percentage.12 All patients were examined just before
cannulation, every 12 hours on bypass during the first
60 hours, and on all following days, with the last

investigation made within 24 hours after decannula-
tion. We diagnosed shunting across a patent arterial
duct, if present, using colour- and Doppler echo-
cardiography in the supra- and parasternal views. Left-
to-right shunting across the duct was defined as 
continuous flow into the pulmonary arteries from the
aortic arch. Those interpreting the echo Doppler vari-
ables had no knowledge of the clinical course of the
patient.

Management of patients
All patients were nursed in a special intensive care
room on an AirShield IICS 90 table. Body tempera-
ture was maintained between 36.8 and 37.5 degrees
Celsius. Blood pressure was obtained from an umbil-
ical arterial line placed with the tip in the descend-
ing aorta, and recorded by a neonatal monitor. Central
venous pressure was measured by an umbilical line
with the tip in the right atrium, and recorded by the
same monitor in addition to the heart rate. Pre- and
post-ductal saturations of oxygen were monitored
with a Nellcor pulsoximeter. Depending on age,
weight gain, and fluid balance, the prescribed fluid
intake was at least 50 millilitres per kilogram, with
a maximum of 150 millilitres per kilogram. Standard
diuretic therapy was administered, using furosemide
at 4–8 milligrams per kilogram per day depending
on fluid balance and production of urine. Antibiotics
were routinely prescribed, giving either amoxicillin
at 100 milligrams per kilogram per day, or genta-
mycin at 5–7 milligrams per kilogram per day. Prior
to cardiopulmonary bypass, heart failure or hypoten-
sion not due to hypovolaemia were treated with
intravenous administration of dopamine or dobuta-
mine at 5–20 micrograms per kilogram per minute.
Pulmonary hypertension was treated with vasodilat-
ing drugs, including inhalation of nitric oxide. Before
starting the extracorporeal oxygenation, ventilatory
support ranged from standard mechanical posi-
tive pressure ventilation to high frequency oscilla-
tion. During bypass, basic mechanical ventilation
was maintained using minimal settings of the venti-
lator. Surgical intervention for correction of congen-
ital diaphragmatic hernia was performed only after
adequate oxygenation had been obtained, with flows
of bypass weaned to 50 millilitres per minute. All
patients were sedated during bypass, using midazo-
lam at doses of 0.1–0.3 milligrams per kilogram per
hour, and fentanyl at 2–10 micrograms per kilogram
per hour. Pancuronium at a dosage of 0.01–0.02 milli-
grams per kilogram per hour was used in all patients
with diaphragmatic hernia 24 hours after initiation
of extracorporeal oxygenation, and also for 24 hours
after the surgical correction. Parental consent was
obtained for each patient. The study was approved
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by the local committee on human experimental res-
earch. This study was supported financially by the
Dutch Heart Foundation through grant 94.023.

Statistical analysis
The diastolic and systolic left ventricular dimensions,
and the fractional shortening, were monitored in all
patients before, during, and after extracorporeal oxy-
genation. The observations were made as part of a
another study published earlier.8 Observations made
specifically to analyse the influence of left-to-right
shunting across the duct were taken before the start
of bypass, after 24–36 hours on bypass, and within
24 hours after decannulation. Data is presented as
mean and range. We chose the period between 24
and 36 hours of bypass because the maximal flow
after commencing extracorporeal membrane oxy-
genation is unchanged at this time.8,9 We compared
findings between those patients with or without 
left-to-right shunting across a patent duct. We com-
puted the differences in left ventricular diameter and
the fractional shortening before, during, and after
bypass, assessing them with the Wilcoxon signed
rank test for all the patients, and using the Wilcoxon
rank sum test to assess differences between groups.
p-values of 0.05 or less were considered significant.

Results

Variations in left ventricular dimensions and 
fractional shortening in all the patients
Left ventricular dimensions, and fractional shortening,
before, during, and after bypass are shown in Figures
1 and 2. Flow remained unchanged during the first
48 hours of membrane oxygenation because we made
no attempts to wean any of the patients. Therefore,
the first part of figures represents findings for all
patients in the same phase of extracorporeal oxygena-
tion under full flow. Due to the different clinical
course of the patients undergoing extracorporeal
membrane oxygenation, the second part of the fig-
ures is difficult to analyze, the patients exhibiting
many differences among themselves during the
process of weaning. After decannulation, nonetheless,
all patients are again comparable.

When considering effects on the left ventricle, the
mean diastolic and systolic left ventricular dimen-
sions before bypass were small, approaching the fifth
percentile when compared to the normal values for left
ventricular dimensions in children.13,14 During the
first 48 hours of membrane oxygenation, despite the
unchanged high rate of bypass flow, we observed a
significant increase in diastolic and systolic diameters
(p less than 0.02, p less than 0.001, respectively) in all
patients. The systolic diameters then showed a decrease 

during the course of bypass, returning to the values
measured before bypass began. After ceasing mem-
brane oxygenation, left ventricular dimensions
remained small when compared to normal values.

In terms of fractional shortening, we measured a
normal mean fraction of 36 per cent, with standard
deviation of 11 per cent, before starting bypass. After
beginning extracorporeal oxygenation, mean frac-
tional shortening decreased to 20 per cent, with stand-
ard deviation of 11 per cent, this representing a
significant decrease, and one observed in all patients
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Figure 1.
Variations as measured in all our patients in mean diastolic (a) and
systolic (b) left ventricular dimensions before, during, and after extra-
corporeal membrane oxygenation. DdLV: diastolic dimension of the
left ventricle; DSLV: systolic dimension of the left ventricle.
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during the period of bypass, with p-values less than
0.001. Mean fractional shortening after membrane
oxygenation was 40 per cent, with standard deviation
of 11 per cent, this showing no significant difference
from the values measured before bypass was started.

Results in those with or without ductal shunting
We observed left-to-right ductal shunting in 18
patients after 24–36 hours of membrane oxygena-
tion. Mean values for diastolic and systolic left ven-
tricular dimensions and fractional shortening in these
patients, compared to those without ductal shunting
are shown in Tables 1 and 2 for the periods before,
from 24 to 36 hours on bypass, and after decannula-
tion. Mean diastolic and systolic dimensions
increased significantly for those with ductal shunting
when compared to findings for total group (p less
than 0.05, p less than 0.0005, respectively). No
important changes were observed in the diastolic
diameter when bypass was stopped, albeit that the
systolic diameter decreased to its original level before
bypass. Fractional shortening for those with ductal
shunting changed from a mean value of 37 per cent,
with standard deviation of 12 per cent before bypass,
to 16 per cent, with standard deviation of 10 per cent
during bypass, and returned to 40 per cent, with
standard deviation of 13 per cent after bypass (Fig. 3).
A significant decrease in fractional shortening (p less
than 0.001) was found for the patients with ductal
shunting, these patients having a mean decline of 21
per cent, with standard deviation of 13 per cent.

In the 11 patients without ductal shunting, the
mean diastolic dimension did not increase signifi-
cantly during bypass. Systolic dimension increased
significantly (p less than 0.009). Fractional shorten-
ing in this group was 35 per cent, with standard
deviation of 12 per cent before bypass, reducing to
29 per cent, with standard deviation of 7 per cent
during bypass, and returned to 40 per cent, with
standard deviation of 7 per cent after bypass. The
observed decrease of 6 per cent in fractional shorten-
ing in these patients was not significant.

Prior to bypass, no differences in fractional shorten-
ing had been observed between the groups of patients
with or without ductal shunting. On the contrary,
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Figure 2.
Variations as measured in all our patients in mean left ventricular
fractional shortening (FS) before, during, and after extracorporeal
membrane oxygenation.

Table 1. Patients without ductal left-to-right shunt (n � 11).

Mean Mean Mean

DdLV Range DSLV Range FS Range

Before 14.7 11.0–26.9 9.7 4.8–18.5 35.1 21–56
24–36 16.9 11.2–23.1 12.3 8.1–17.1 29.0 16–39
After 15.8 12.9–19.2 9.5 6.7–14.7 40.3 23–50

Abbreviations: DdLV: diastolic dimension of the left ventricle; DSLV:
systolic dimension of the left ventricle; FS: fractional shortening

Table 2. Patients with ductal left-to-right shunt (n � 18).

Mean Mean Mean

DdLV Range DSLV Range FS Range

Before 13.3 9.2–17.7 8.5 3.8–12.5 36.5 15–69
24–36 15.5 12.1–21.4 13.0 8.7–18.8 16.4 0–41
After 14.8 9.1–20.5 8.9 3.8–16.2 40.1 37–61

Abbreviations: DdLV: diastolic dimension of the left ventricle; DSLV:
systolic dimension of the left ventricle; FS: fractional shortening
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Figure 3.
Variations as measured in the patients with and without left-to-
right shunting across a patent arterial duct in mean left ventricular
fractional shortening (FS) before bypass, at 24–36 hours of extra-
corporeal membrane oxygenation, and after discontinuing bypass.
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during membrane oxygenation, the decrease in frac-
tional shortening was significantly more pronounced
in the patients who developed a left-to-right shunt
across a patent arterial duct (p less than 0.006). This
difference was no longer evident once bypass was
terminated. Furthermore, two-thirds of the patients
manifesting shunting across the duct showed a very
severe decrease in fractional shortening, to levels
smaller than 10 per cent, against one-fifth of patients
without ductal shunting. The difference between the
groups for this very severe decrease in fractional
shortening is significant (p less than 0.05).

Discussion

Prior to the commencement of extracorporeal mem-
brane oxygenation, the mean left ventricular diastolic
and systolic dimensions in our patients were much
lower than the left ventricular dimensions found in
the normal population. Others have described dimen-
sions within the same range as we observed, without
commenting on the low percentiles.4,6,15 It is unclear
why the left ventricle should be so small before mem-
brane oxygenation. It is possible that severe pulmonary
hypertension, producing a right-to-left ductal shunt-
ing, could reduce the preload to the left ventricle in
this situation. The pressure overload on the right
ventricle prior to bypass could also be of influence by
shifting the position of the ventricular septum. Once
on bypass, we observed a significant increase of dia-
stolic and systolic diameter for all our patients. We
then found the same significant increase, especially
in diastole, for those manifesting ductal shunting, a
feature not seen in patients without shunting from
left-to-right across a patent duct. The observed
increase in diastolic dimension seen in those with
ductal shunting is the consequence of the volume
loading on the left ventricle that occurs once ductal
shunting has developed.

Left ventricular fractional shortening was not
depressed before the start of extracorporeal oxygena-
tion, perhaps a surprising finding when we consider
the critically ill nature of our patients prior to the
commencement of bypass. The temporary adminis-
tration of dopamine and dobutamine, by their posi-
tive inotropic effects, could also have influenced this
pre-bypass phase. During bypass, we noted a drop in
fractional shortening, suggested to be related to fac-
tors such as decreased preload, post-hypoxic injury to
the myocardium and reperfusion injury, or increased
afterload.4,6,15,16 Other authors describing this drop
in fractional shortening have postulated that it is
due to the decrease in preload.3 Left ventricular per-
formance, of course, is itself measured and monitored
with parameters that are more insensible to the pre-
load, such as heart-rate-corrected mean circumferential

fibre fractional shortening.17 Our study, however, was
designed specifically to analyse the effects of volume
loading in the presence of left-to-right ductal shunt-
ing. Due to this, we selected fractional shortening as
our parameter, this being known to be dependent on
preload.4 We then examined whether the presence or
absence of the left-to-right ductal shunt had any
increasing effect on fractional shortening. If present,
the left-to-right shunt creates a better state of pre-
load for the left ventricle. It also influences the satu-
ration of oxygen in the coronary arteries, since the
ductal shunt will increase the saturation of oxygen in
the blood in the left atrium and the left ventricle.
The saturation in the left atrium is usually decreased
in this phase of membrane oxygenation because of
intrapulmonary right-to-left shunting. Coronary arte-
rial perfusion is determined in particular by the
antegrade flow from outflow tract into the ascending
aorta, and is less influenced by the retrograde flow
from the aortic cannula.18 Despite all these consider-
ations, we failed to observe any preserving effect for
fractional shortening from the left-to-right ductal
shunt. Nakamura et al.10 described better coronary
arterial saturations of oxygen and perfusion when a
small left-to-right shunt is present in dogs placed on
extracorporeal membrane oxygenation. In contrast,
we observed a significant decrease in fractional
shortening during bypass in the patients who devel-
oped left-to-right ductal shunting. It is possible that
the volume loading on the left ventricle is not well
tolerated shortly after the start of extracorporeal oxy-
genation. Furthermore, the ductal shunt prolongs
the period of extracorporeal membrane oxygenation,
which could also be of influence.9 In those patients
maintained on veno-venous membrane oxygenation,
there are usually no signs of decreased cardiac per-
formance. Only positive effects on contractility and
cardiac performance have been observed.19 Coupled
with our observation that the ductal shunting led to
prolongation of veno-arterial membrane oxygenation,
it is also possible that the shunt could play a role in
producing myocardial damage because of reperfusion
injury. In this context, an important ductal left-to-
right shunt could also decrease coronary perfusion by
stealing blood in diastole from the aorta and redi-
recting it to the pulmonary arteries. In all patients,
the fractional shortening returned to normal values,
without any specific therapy, once we had discontin-
ued bypass, with the duct closing spontaneously in
all the patients who had manifested left-to-right
shunting. Holley et al.4 have already pointed out
that the decrease in cardiac performance is not influ-
enced by the underlying diagnosis, but is determined
mainly by loading conditions. The left-to-right
shunt across the duct that becomes manifest during
bypass is known to be haemodynamically significant,
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and has been shown to produce pulmonary hyper-
perfusion in experimental situations.20 The volume
loading produced is regarded to be beneficial. In con-
tradiction to Holley et al.,4 however, we did not
observe any protecting effect on fractional shortening
produced by the ductal shunt. Perhaps factors other
than preload are more important during extracorpo-
real membrane oxygenation. Possible candidates are
afterload, left ventricular wall stress, or coronary arte-
rial resistance. The results concerning these factors,
nonetheless, are somewhat conflicting. Kimball et al.6

pointed out that, during bypass, there were no signif-
icant changes in contractility or afterload when using
determinants of cardiac output independent of vol-
ume load. Berdjis et al.17 also measured variable inde-
pendent of volume load, and found no disturbances in
contractility when corrected for afterload. They sug-
gested that there was no depression of myocardial
function. Kato et al.,21 in contrast, demonstrated a
decrease in coronary arterial perfusion in dogs because
of an increased coronary arterial resistance.
Comparison of the studies made when extracorporeal
oxygenation is achieved using the veno-venous route
make it clear that disturbances in cardiac performance
are mostly observed when using veno-arterial extra-
corporeal oxygenation.4 More studies are therefore
necessary further to analyze and understand the work-
ing mechanisms of the left ventricle under altered
conditions of volume and pressure loading during
extracorporeal membrane oxygenation.
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