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Additional mechanism for left ventricular dysfunction: chronic
pulmonary regurgitation decreases left ventricular preload in
patients with tetralogy of Fallot

Pekka Ylitalo," Eero jokinen,l Kirsi Lauerma,” Miia Holmstrom,” Olli M. Pitk'zinen—Argillander1

" Children’s Hospital, University of Helsinki; *Helsinki Medical Imaging Center, Helsinki University Central Hospital,
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Abstract Background: Right ventricular dysfunction in patients with tetralogy of Fallot and significant
pulmonary regurgitation may lead to systolic dysfunction of the left ventricle due to altered ventricular
interaction. We were interested in determining whether chronic pulmonary regurgitation affects the preload of
the left ventricle. In addition, we wanted to study whether severe chronic pulmonary regurgitation would alter
the preload of the left ventricle when compared with patients having preserved pulmonary valve annulus.
Methods: The study group comprised 38 patients with tetralogy of Fallot who underwent surgical repair between
1990 and 2003. Transannular patching was required in 21 patients to reconstruct the right ventricular outflow
tract. Altogether, 48 age- and gender-matched healthy volunteers were recruited. Cardiac MRI was performed
on all study patients to assess the atrial and ventricular volumes and function. Resu/ts: Severe pulmonary
regurgitation (>30 ml/m?) was present in 13 patients, of whom 11 had a transannular patch, but only two had a
preserved pulmonary valve annulus. The ventricular preload volumes from both atria were significantly reduced
in patients with severe pulmonary regurgitation, and left ventricular stroke volumes (44.1 £4.7 versus
58.9 1 10.7 ml/m?*; p<0.0001) were smaller compared with that in patients with pulmonary regurgitation
<30 ml/m? or in controls. Conclusions: In patients with tetralogy of Fallot, severe pulmonary regurgitation has a
significant effect on volume flow through the left atrium. Reduction in left ventricular preload volume may be an
additional factor contributing to left ventricular dysfunction.
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led to a growing number of adolescents and

adults with cardiac defects. In the long term,
these patients may demonstrate progressive pulmonary
regurgitation with right ventricular dilation and
dysfunction, which are known to be important
determinants of their late outcome.'™ Impaired
exercise tolerance, ventricular arrhythmia, and sudden
death have all been reported as secondary complica-

tions of pulmonary regurgitation.””” Left ventricular
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dysfunction has been reported to be present as a late
sequel in 20% of tetralogy of Fallot patients.® On the
other hand, patients with normal right ventricular
ejection fraction were more likely to have normal left
ventricular function.®

This concomitant dysfunction of the left heart
appears to increase heart failure and mortality in these
patients.”® " The reasons for left ventricular dysfunc-
tion in patients with tetralogy of Fallot have been
under active examination. In one study, left ventricular
dysfunction was shown to be affected by preoperative
hypoxaemia.'' Other possible causes are electro-
mechanical asynchrony, shared septal myocardial fibres,
the effect of ventricular septal defect, and adverse
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impact of the septal shift."*™* Our hypothesis was
that, in postoperative patients of tetralogy of Fallot,
severe chronic pulmonary regurgitation impedes
the transpulmonary flow, which, by disturbing the
preloading of the left ventricle, may be an additional
factor affecting left ventricular performance.

Methods

The study group comprised 38 patients who had
undergone surgical repair of tetralogy of Fallot between
1990 and 2003. The patients were referred for cardiac
magnetic resonance by a paediatric cardiologist because
their echocardiographic findings suggested significant
pulmonary regurgitation and increased right ventricular
size. The patients had undergone surgical correction for
tetralogy of Fallot at the age of 1.3 years (with a range
from 0.2 to 4.6). The postoperative follow-up period was
11.6 £ 2.9 years (with a range from 7.2 to 18.4 years).
A transannular patch was used in 24 (53%) patients.
In 17 patients, pulmonary valve annulus could be
preserved at the primary repair. All corrective operations
were petformed on cardiopulmonary bypass with an
aortic cross-clamp. The myocardium was protected
with cold-blood cardioplegia. Table 1 summarises the
baseline characteristics of patients with tetralogy of
Fallot and those of healthy controls. There were no
time-related trends in surgical techniques during the
operative period from 1990 to 2003.

Postoperatively, 11 of our patients with a transan-
nular patch had severe (>30 ml/m®) pulmonary regur-
gitation (mean 30.8 ml/m” £ 10.2; range 16.7-59.4).
Patients with preserved pulmonary valve annulus
(15 patients) had mostly non-severe pulmonary
regurgitation (mean 9.8 ml/m”+10.3; range 0-31.8)
and only two patients had pulmonary regurgitation
exceeding 30 ml/m”. In controls, pulmonary regurgita-
tion was negligible.

For the control group, 48 healthy age- and gender-
matched paediatric and adolescent volunteers were

Table 1. Characteristics of the study population.

Ylitalo et al: Additional mechanism for left ventricular dysfunction 209

recruited. They were eligible for the study if they had
no medical history of any cardiovascular disease and
no other pre-existing condition that would affect
the cardiovascular system. An electrocardiogram was
recorded and a paediatric cardiologist performed a
morphological ultrasound to exclude possible latent
cardiac problems.

Cardiac magnetic resonance was performed for all
patients and controls. Cardiac MRI were obtained with
a 1.5 Tesla Philips Achieva imager (Philips Healthcare,
Amsterdam, The Netherlands) using a S-channel car-
diac coil. For right ventricular volume analysis, trans-
axial and left ventricle short-axis balanced turbo-field
echo breath-hold cine images were obtained for the
whole heart. The slice thickness was 5-8 mm depend-
ing on the patient’s size, gap was 20%, and temporal
resolution was 2643 ms. For the ventricular volume
measurements, both transaxial and left ventricular
short-axis cine images were manually planimetered
using the cardiac analysis tool of a Philips ViewForum
workstation (Philips Healthcare, Amsterdam, The
Netherlands). The pulmonary valve regurgitation frac-
tion was calculated from volumetric measurements of
both ventricles. The amount of tricuspid regurgitation
was nonexistent or minimal in the controls, and it was
minimal (n =4) or mild (n =40) within the patients.

For the atrial volume measurements, transaxial
cine images were manually planimetered as described
earlier.”>'® Atrial volumetric measurements were
used to calculate the cyclic volume change using
the following formula: volume max - volume min.
Conduit volume, which refers to diastolic blood flow
to the chambers while the atrial pump remains
passive, was assessed by subtracting cyclic volume
change from the left ventricular stroke volume. The
combined preload volumes from the atria for each
ventricle were calculated by adding the cyclic volume
change to conduit volume. Intraobserver variability
was tested using the Bland—Altman method.
The mean difference between two observations was

Patients Controls P
n 38 48
Male [n (%)] 23 (61%) 27 (56%) -
Age (years) 129+3.2 13.8+34 ns
Age at TOF repair (years) 13£1.3 - -
Follow-up time from TOF repair (years) 11.8+3.1 - -
Weight (kg) 427 +14.7 50.5+15.8 0.02
Height (cm) 152.2+15.4 159.4+16.2 0.03
Body sutface area (m?) 1.3+0.3 1.5%0.3 0.02
Plasma level of proBNP (ng/L) 152.8£84.4 53.4%36.2 <0.0001
Pulmonary regurgitation (ml/m?) 242+15.3 - -
Aortic regurgitation (ml/m?) 0.64+1.3 — —

proBNP = pro B-type natriuretic peptide; TOF = tetralogy of Fallot
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-1.7 ml with a standard deviation of 3.1 ml in right
atrium and -1.2+ 2.9 ml in left atrium.

Statistical analysis was performed using GraphPad
Prism 5.0a (GraphPad Software, Inc., San Diego,
California, United States of America). All results
are reported as means and SD. Comparisons of con-
tinuous data between the groups were performed
using an unpaired t-test. Correlations were calculated
using linear regression. A two-tailed p-value of less
than 0.05 was considered statistically significant.

The Ethics Committee of our hospital approved
the study. Written informed consent was obtained
from all participants and/or their parents.

Results

All patients in our study had pulmonary regurgita-
tion. Pulmonary regurgitation was severe (>30 ml/
m?) in 13 patients (34%), of whom 11 had a trans-
annular patch. In order to study the impact of
pulmonary regurgitation on left ventricular pre-
loading, left ventricular systolic function, and right
ventricular volume and function, we compared
these 13 patients with patients having non-severe
regurgitation (n=25) and with controls.

In tetralogy of Fallot patients, the maximum volume
and cyclic volume change in the left atrium were
significantly smaller than those in controls (Table 2).
In addition, the conduit volumes were smaller in
patients with severe pulmonary regurgitation, leading
to diminished left ventricular preload volume.
Consistently, these patients also had significantly
smaller left ventricular end-diastolic volume, left
ventricular stroke volume, and ejection fraction
compared with controls. In comparison with controls,
patients with non-severe regurgitation despite smaller
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left atrial cyclic volume change had similar conduit
volumes and there was no significant difference in
lefc ventricular preloading. Accordingly, the left
ventricular end-diastolic volume, left ventricular stroke
volume, and ejection fraction of these patients were
similar to those of controls (Table 2).

In all patients with tetralogy of Fallot, the maximum
volumes of the right atria were comparable to those of
controls; however, the right atrial minimum volumes
were increased in patients with tetralogy of Fallot,
resulting in a reduced cyclic volume change (Table 3).
The indexed right ventricular end-diastolic and
end-systolic volumes of tetralogy of Fallot patients were
significantly larger than those of controls, and the
largest volumes were encountered in patients with
severe pulmonary regurgitation (150.1 %+ 22.0 ml/m’
and 85.5%27.8ml/m?). The right ventricular atrial
preload was decreased in patients with severe pulmon-
ary regurgitation compared with that in patients with
non-severe pulmonary regurgitation (Table 3).

As the vast majority of patients with severe
pulmonary regurgitation had undergone transan-
nular patching, the patient material was divided
according to the surgical method.

In comparison with controls, patients with a
transannular patch had smaller left atrial maximum,
cyclic, and conduit volumes, smaller left ventricular
end-diastolic volume, smaller left ventricular stroke
volume, and a smaller ejection fraction (Table 4). On
the other hand, in patients with preserved pulmonary
valve annulus, there was no difference in left
ventricular preloading compared with that in controls.
In patients with a transannular patch, the indexed
right ventricular end-diastolic and end-systolic
volumes (142.2 +20.2 ml/m? and 63.2 +15.3 ml/m?,
respectively) were significantly larger than those in
controls. Consistently, in patients with a transannular

Table 2. The indexed volumes and function of left atrium and ventricle in patients and controls.

p value p value p value
Patients with Patients with (PR30 (PR > 30 (PR30
PR > 30 ml/m? PR <30 ml/m? Controls versus versus versus
(n=13) (n=25) (n=48) PR > 30) controls) controls)
Left atrium
Minimum volume (ml/m?) 17.7%+5.7 19.4+6.6 222+6.4 ns 0.04 ns
Maximum volume (ml/m?) 40.3£8.0 41.5%9.5 48.5%+9.8 ns 0.01 0.008
Cyclic volume change (ml/m?) 226147 22.0x59 26.4+5.1 ns 0.02 0.002
Conduit volume (ml/m?) 223146 323+94 327194 0.008 0.0003 ns
Left ventricle
Ventricle preload from atria (ml/m?)  44.1+4.7 53.6%8.8 58.9+10.7 0.001 <0.0001 ns
Ventricle preload from AR (ml/m?) 0.8+1.3 0.7x1.5 0 ns ns ns
End-diastolic volume (ml/m?) 80.8+8.5 90.9+18.9 94.6 1159 ns 0.004 ns
End-systolic volume (ml/m?) 35.9+5.7 39.6+9.6 35.7+19.2 ns ns ns
Stroke volume (ml/m?) 44.1%+4.7 53.6%8.8 58.9£10.7 0.0004 <0.0001 ns
Ejection fraction (%) 57.7%+5.8 59.3+6.9 62.7+6.9 ns 0.0008 ns

AR =aortic regurgitation; PR = pulmonary regurgitation
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Table 3. The indexed volumes and function of right atrium and ventricle in patients and controls.
p value p value p value
Patients with Patients with (PR30 (PR > 30 (PR30
PR > 30 ml/m? PR <30 ml/m? Controls versus versus versus
(n=13) (n=25) (n=48) PR > 30) controls) controls)
Right atrium
Minimum volume (ml/m?) 403+11.5 37.5+9.6 30.0+10.5 ns 0.003 <0.0001
Maximum volume (ml/m?) 60.7%x125 56.7 £10.6 60.3+149 ns ns ns
Cyclic volume change (ml/m?) 204144 19.2+4.4 30.3+7.4 ns <0.0001 <0.0001
Conduit volume (ml/m?) 277178 359169 29.3+9.9 0.0014 ns 0.04
Right ventricle
Ventricle preload from atria (ml/m?) 44.9+43 54.3+8.0 58.9110.7 0.0004 <0.0001 ns
Ventricle preload from PR (ml/mz) 37.0£7.9 14.2+£10.6 1.2+4.6 <0.0001 <0.0001 <0.0001
End-diastolic volume (ml/m?) 150.1 £22.0 126.3 £21.7 102.0£17.1  <0.0001 <0.0001 0.0004
End-systolic volume (ml/mz) 85.5+27.8 57.9115.9 43.1+14.5 <0.0001 <0.0001 0.0001
Stroke volume (ml/m?) 81.9+10.8 68.4%10.8 60.1 £10.8 0.0004 <0.0001 0.002
Ejection fraction (%) 55.4%8.0 54.8+55 59.2+6.1 ns ns ns

PR = pulmonary valve regurgitation

patch, the right ventricular atrial preload was smaller
than that in patients with a preserved pulmonary
valve annulus. In fact, the right ventricular atrial
preload of patients with preserved pulmonary valve
annulus was similar to that of controls (Table 4).

Discussion

Our study shows that patients with tetralogy of Fallot
and severe chronic pulmonary regurgitation have
abnormal filling of the left ventricle resulting in
smaller left ventricular end-diastolic and stroke
volumes. The left atrial maximum volumes, cycling
volume changes, and conduit volumes of our patients
were smaller in comparison with those of controls.
We propose that a significant pulmonary regurgita-
tion among postoperative patients with tetralogy
of Fallot results in reduced transpulmonary flow,
affecting the left ventricular preloading, which may
impede ventricular interaction and induce left
ventricular dysfunction.

In the postoperative phase of repaired tetralogy of
Fallot, chronic pulmonary regurgitation causes profuse
diastolic filling of the right ventricle with dilation."”'®
In these patients, despite normal right ventricular
and left ventricular ejection fractions measured with
ultrasound, disturbed postoperative pathophysiology
can be teased out by exercise to demonstrate the defec-
tive contractile reserve of the left ventricle.'” Marked
pulmonary regurgitation and right ventricular dilation
have recently been described to affect the left ventricle
early-diastolic radial and circumferential strain rates,'’
and myocardial deformation imaging has demonstrated
reduction in left ventricular systolic indices even
in patients with preserved left ventricular ejection
fraction.””" Accordingly, as many as 20% of late
survivors of tetralogy of Fallot develop a concurrent left
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ventricular dysfunction, making it an important factor
in the patient’s late outcome.® An important finding of
the present study is that, despite successful surgical
repair carried out in our patients with tetralogy of
Fallot, left atrial function was impaired. This was
especially remarkable in patients with severe pulmonary
regurgitation in whom florid regurgitation was asso-
ciated with defective atrial filling and left ventricular
diastolic function due to reduced transpulmonary flow.
In other recent studies on patients with CHD, similar
changes in left ventricular filling have been linked to
chronic reduction in left ventricular diastolic perfor-
mance despite corrective surgery, suggesting that pre-
natal and postnatal haemodynamic factors present
before the surgery may affect the left atrial filling and
the left ventricular preload.”> We have demonstrated
that left ventricular preload volume is defective in tet-
ralogy of Fallot, which may be an important factor, in
addition to the substantial pulmonary regurgitation,
contributing to disturbed ventricular interaction and
the consequent dysfunction and reduction in the
reserves of the left ventricle.

Finally, it is noteworthy that severe pulmonary
regurgitation, disturbed left atrial function, and
filling of the left ventricle were encountered espe-
cially in patients with a transannular patch compared
with patients with Ereserved pulmonary valve annu-
lus and controls.”>

To allow proper postoperative remodelling of the
enlarged right ventricle, intervention to correct pul-
monary regurgitation is considered appropriate when
the right ventricle has dilated up to 150 ml/m”, even in
patients without symptoms. Interestingly, despite
gains in exercise tolerance and NYHA functional class
after pulmonary valve replacement following repair of
tetralogy of Fallot,?*** objective improvements in
systolic and diastolic function of both ventricles have
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Table 4. The volume and function of left and right atria and ventricles of patients with transannular patch (TAP), patients with preserved

pulmonary valve annulus (PPVA), and healthy controls.

Patients with Patients with

p value

Controls p value (TAP  (TAP versus p value (PPVA

TAP (n=21) PPVA (n=17) (n=48) versus PPVA) controls) versus controls)
Left atrium
Minimum volume (ml/m?) 17.1£5.2 20.6t7.1 222+64 ns 0.005 ns
Maximum volume (ml/m?) 39.7x7.7 42.0+10.7 485+98 ns 0.001 0.04
Cyclic volume change (ml/m?) 22.6%t5.8 21.4%5.5 26.4%5.1 ns 0.01 0.001
Conduit volume (rnl/rnz) 25.6%+9.5 33.716.2 327194 0.005 0.005 ns
Left ventricle
Ventricle preload from atria (ml/m?) 47.2+8.2 54.8%7.5 58.9110.7 0.005 <0.0001 ns
Ventricle preload from AR (ml/m?) 1.0£1.6 03%1.1 0 ns ns ns
End-diastolic volume (ml/m?) 82.5+t18.9 93.5%11.2 9461159 0.04 0.008 ns
End-systolic volume (ml/m?) 379178 3841938 35.719.2 ns ns ns
Stroke volume (ml/m?) 482174 55.1+7.1 58.9+10.7 0.006 <0.0001 ns
Ejection fraction (%) 57.7%+5.8 59.3+6.9 62.7%+6.9 ns 0.004 ns
Right atrium
Minimum volume (ml/m?) 403+11.5 37.5+9.6 30.0+10.5 ns 0.0001 0.004
Maximum volume (ml/m?) 60.7 £12.5 56.7+10.6 60.3+14.9 ns ns ns
Cyclic volume change (ml/m?) 204+4.4 19.2+4.4 30.3+7.4 ns <0.0001 <0.0001
Conduit volume (ml/mz) 27.7t7.8 35.9+6.9 29.3199 0.002 ns 0.01
Right ventricle
Ventricle preload from atria (ml/m?) 482+7.4 55.1+7.1 58.9110.7 0.006 <0.0001 ns
Ventricle preload from PR (ml/m?  30.8+10.2 9.81+10.3 1.2+4.6 <0.0001 <0.0001 <0.0001
End-diastolic volume (ml/m?) 142.2+20.2 121.7£22.8 102.0x17.1 0.006 <0.0001 0.0004
End-systolic volume (ml/m?) 63.2+153 56.74+17.5 43.1+14.5 ns <0.0001 0.003
Stroke volume (ml/mz) 79.0+10.8 64.9+8.5 60.1+£10.8 0.0001 <0.0001 ns
Ejection fraction (%) 56.2%5.8 54.0£6.2 59.2%6.1 ns ns 0.004

AR =aortic regurgitation; PR = pulmonary regurgitation

not been uniformly demonstrated.” >’ It would
be important to find out whether pulmonary valve
replacement in addition to correcting the preloading
of the right ventricle has a beneficial effect on left
ventricular preloading.

Conclusions

In patients with tetralogy of Fallot, transpulmonary flow
is affected by an abundant pulmonary regurgitation,
leading to volume impediment of the left atrial filling
and defective left ventricular preload volume. Our
observation may be an important additional mechanism
contributing to disturbed ventricular interaction causing
dysfunction and reducing the reserves of the left ventricle.
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