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ABSTRACT

Objective Adults operated for tetralogy of Fallot (TOF)
have high risk of ventricular arrhythmias (VA). QRS
duration >180ms is an established risk factor for VA.

We aimed to investigate heart function, prevalence of
arrhythmias and sex differences in patients with TOF at
long-term follow-up.

Methods We included TOF-operated patients>18 years
from our centre’s registry. We reviewed medical records
and the most recent echocardiographic exam. VA was
recorded on ECGs, 24-hour Holter registrations and from
implantable cardioverter defibrillator.

Results We included 148 patients (age 37+10 years).
Left ventricular global longitudinal strain (LV GLS,
—15.8+3.1%vs —18.8+3.2%, p=0.001) and right
ventricular (RV) GLS (—15.8+3.9%vs —19.1+4.1%,
p=0.001) were lower in men at all ages compared

with women. Higher RV D1 (4.3+0.5¢cm vs 4.6+0.6cm,
p=0.01), lower ejection fraction (55%=+8% vs 50%=+9%,
p=0.02), lower RV GLS (-18.1+4.0 ms vs —16.1+4.8 ms,
p=0.04) and N-terminal pro-brain natriuretic peptide (NT-
proBNP) over reference range (n=27 (23%) vs n=8 (77%),
p<0.001) were associated with higher incidence of VA.
QRS duration was longer in men (151+30 ms vs 128+25
ms, p<0.001). No patients had QRS duration >180 ms.
QRS duration did not differ in those with and without VA
(143+32 ms vs 13728 ms, p=0.06).

Conclusions Our results confirmed reduced RV function
in adults operated for TOF. Male patients had impaired LV
and RV function expressed by lower LV and RV GLS values
at all ages. Reduced cardiac function and elevated NT-
proBNP were associated with higher incidence of VA and
may be important in risk assessment.

INTRODUCTION
Tetralogy of Fallot (TOF) has an incidence
of 0.34 per 1000 live births,1 and is the most
common cyanotic congenital heart disease.”
Since the first surgical repair of TOF
reported in 1954,S the life expectancy of
children born with TOF has dramatically
improved to a survival of 94% at 25 years,4 and
72% at 40 years,5 following TOF repair. After
surgical correction, patients generally enjoy a
good quality of life that is almost similar to
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Key questions

What is already known about this subject?

» Previous studies showed that ventricular arrhyth-
mias (VA) and heart failure are common complica-
tions in adult patients operated for tetralogy of Fallot
(TOF). A QRS duration >180 ms is an established
risk factor for VA.

What does this study add?

» Male patients operated for TOF had significantly
impaired left and right ventricular function com-
pared with female patients, expressed by lower left
ventricular and right ventricular global longitudinal
strain values at all ages.

» This study provides an insight on the long-term
follow-up in adults operated for TOF. Our inves-
tigation showed that in adults operated for TOF, a
reduced cardiac function and elevated N-terminal
pro-brain natriuretic peptide (NT-proBNP) values
were associated with higher incidence of VA. A QRS
duration >180 ms did not emerge as associated to
VA, as no patients had so prolonged QRS length.

How might this impact on clinical practice?

» Reduced cardiac function and elevated NT-proBNP,
together with QRS duration shorter than 180 ms,
might become parameters to consider in risk strati-
fication in patients operated for TOF, especially con-
sidering the incidence of VA.

that of the general population.’ 7 However,
long-term survival is still significantly lower
than in the general population.®

Despite significant advances in treatment
and management, previous studies have
documented a high risk of arrhythmias in
patients with TOF.” Especially ventricular
arrhythmias (VA) and sudden cardiac death
(SCD) remain major concerns in adults
corrected for TOF late after surgical repair.

Previous reports have indicated a slightly
higher prevalence of atrial and VA in male
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patients; however, significant sex differences in cardiac
function and outcome are not known.” "’

We aimed to investigate cardiac function, prevalence
of VA and heart failure in adult patients operated for
TOF. Furthermore, we aimed to explore possible sex
differences.

METHODS

Data collection

For this retrospective cohort study, we reviewed our
centre’s Adult with Congenital Heart Disease (ACHD)
patients’ registry which includes all adult patients with
congenital heart diseases who have been diagnosed,
treated, followed and/or operated at Oslo University
Hospital, Rikshospitalet, Norway in the period 1970-
2020.

Patient and public involvement statement

This research was conducted without patient involvement
in the study design, interpretation of results and writing
this manuscript. The research project was presented to
the Norwegian Association of Adults with Congenital
Heart Diseases (VMH, Voksne med medfgdt hjertefeil)
prior to the initiation.

Inclusion criteria
All patients diagnosed with TOF, who were =18 years of
age at the time of follow-up and with a history of surgical
correction, were recruited from the ACHD registry. All
medical records available within the past Syears (2015—
2020) were reviewed. All forms of surgical repair were
considered, including cases where Waterstone or Blalock-
Taussig shunt was performed prior to surgical correction.
Patients were contacted with an information letter; all
of them agreed to participate to the study and informed
consent was obtained from each patient.

Exclusion criteria
We excluded patients who were incapable to give
informed consent.

Clinical characteristics

Patients were classified according to the severity of symp-
toms of heart failure using New York Heart Association
(NYHA) Functional Classification.

We included patients’ most recent ECG and assessed
rhythm, heart rate, PQ - QRS - QTc interval,' and bundle
branch block.

Exercise capacity was routinely assessed by exercise
stress test in all patients during regular annual/bian-
nual follow-up. Patients performed exercise stress test
following Bruce protocol,'® on a bicycle ergometer, and
we used results from the most recent exercise test.

We recorded N-terminal pro-brain natriuretic peptide
(NT-proBNP) as a marker of heart failure from the most
recent clinical visit. The reference values for NT-proBNP
were age and sex specific'” (Elecsys—Roche Diagnostics,
Basel, Switzerland): <170ng/L for women<49 years of

age, <85ng/L for men <49 years of age, <300ng/L for
women 50-69 years of age, <250ng/L for men 50-69
years of age.

Echocardiography
The most recent echocardiographic exam for each
patient, performed during the period 2015-2020,
was analysed offline on EchoPAC V.201, GE Health-
care, Horten, Norway. Echocardiography included all
measurement obtained during a standard echocardi-
ogram performed (M-mode, B-mode, colour Doppler,
pulsed-wave and continuous-wave Doppler), including
left ventricular (LV) ejection fraction (EF) calculated
by the modified Simpson’s biplane method. The right
ventricular (RV) basal, mid and longitudinal diameter
and the RV fractional area change (FAC) were obtained
from the RV-focused view. In addition, we assessed cardiac
function by global longitudinal strain (GLS) using a
speckle tracking technique at frame rates>50/s. LV GLS
was defined as the average of peak systolic negative longi-
tudinal deformation/strain from the three apical views.'*
RV GLS was defined as an average peak negative systolic
longitudinal strain from RV-focused 4-chamber view.' '°
Mechanical dispersion, a measure of RV and LV
contraction heterogeneity,'” was defined as the SD of the
time interval from onset of the Q/R wave in the ECG to
the peak negative longitudinal strain in, respectively, 6
RV and 18 LV segments.

Ventricular arrhythmias

We recorded the occurrence of VA on ECGs, 24-hour
Holter registrations and from implantable cardioverter
defibrillator (ICD) monitoring.

We considered the following VA as clinically relevant:
non-sustained ventricular tachycardia (NSVT), defined
as consecutive runs of >3 ventricular beats>100 beats/
min for <30s; sustained ventricular tachycardia (VT),
defined as runs of consecutive ventricular beats>100
beats for >30s'’; ventricular fibrillation (VF) with appro-
priate therapy from an ICD; aborted cardiac arrest (CA).

Statistics

We performed statistical analysis by using IBM SPSS
V.26. Data were presented as mean+SD or median with
range, as appropriate. We performed the comparisons of
continuous data by the unpaired Student’s t-test or Mann-
Whitney U test and compared categorical variables by the
x” test or Fisher’s exact test as appropriate. We showed
the differences in the ventricular function in male and
female patients by Kaplan-Meier curve. P values <0.05
were considered statistically significant.

RESULTS

Clinical characteristics

We included 148 patients, of which 80 (54%) were women.
Mean age at the time of follow-up was 37+10 years (38+10
years for men vs 37+10 years for women, p=0.52; table 1).
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Table 1 Clinical characteristics in patients with tetralogy of Table 2 Echocardiographic parameters in patients with
Fallot tetralogy of Fallot
Total Men Women Total Men Women P
(n=148) (n=68) (n=80) P value (n=148) (n=68) (n=80) value
Age, years 37+10 38«10 3710 0.52 RV EDA, cm? /m? 121425  121+26  0.82
Age at surgery, years 4(1-15) 4(1-14) 5(1-15) 0.46 RV ESA, cm? /m? 6.2+1.6 6.5+1.6 0.57
Height, cm 172+9 1775  165+7 <0.001 RV FAC, % 48.2+7.1 48.7+7.1 47.8+7.1 0.44
Weight, kg 78+18 85+18  68+13 <0.001 RV D1, cm/m? 2.2+0.3 2.5+0.3 0.05
BSA, m? 1.9+0.2 2.0+0.2 1.7+0.1 <0.001 RV D2, cm/m? 1.7+0.5 1.7+0.3 0.63
Operation, no 1(0-4) 10-4) 1(0-3 0.57 RV D3, cm/m? 3.8+0.3 4.2+0.3 0.05
NYHA class 1(1-3 1(1-3) 1(1-3 0.49 LVOT, cm 2.4+0.2 2.4+0.3 2.3+0.2 0.26
SBP, mm Hg 123+14 12714 11611 <0.001 RVOT, cm 2.9+0.4 3.1+0.3 2.9+0.4 0.45
DBP, mm Hg 72+11 72+12  71+10 0.45 LV EF, % 53+8 51+8 55+8 0.005
Heart rate, beats/min 70+13 7013 69+13 0.55 LV EDV (mL/m?) 43+12 45+13 0.36
Exercise capacity, W 155+38 174+35 131x27 <0.001 LV ESV (mL/m?) 217 20+6 0.25
High NT-proBNP, no (%) 79(53) 34 (50) 45 (56) 0.19 LV MD, ms 45.6+15.2 48.4+151 43.2+149 0.05
QRS, ms 141£30 151+30 128+25 <0.001 LV GLS, % -17.4+3.5 -15.8+3.1 -18.8+3.2 0.001
QTC, ms 457+45 456+53 460+31 0.53 RV MD, ms 38.6+21.1 351273 41.4+138 0.09
VA, no (%) 35(23) 18(26) 17(21) 0.45 RV GLS, % -17.6+4.3 -15.8+39 -19.1+4.1 0.001
Age at VA, years 38+9 39+9 379 0.39 EDA, end-diastolic area; EDV, end-diastolic volume; ESA, end-
ICD, no (%) 22(14)  13(19) 9(11) 0.18 systolic area; ESV, end-systolic volume; GLS, global longitudinal
o 0 strain; LV, left ventricular; LVEF, left ventricular ejection fraction;
Within ICD % 59 41 LVOT, left ventricular outflow tract; MD, mechanical dispersion;
Within Sex % 19 11 RV, right ventricular; RVD1, right ventricular basal diameter; RVD2,

BSA, body surface area; DBP, diastolic blood pressure; ICD,
implantable cardioverter defibrillator; NT-proBNP, N-terminal
pro-brain natriuretic peptide; NYHA, New York Heart Association
classification; SBP, systolic blood pressure; VA, ventricular
arrhythmias.

Mean time surgery-to-follow-up was 32+9 years (33+8 in
men vs 31+10 in women, p=0.25).

Age at surgical correction was 4 years (1-15) and
number of operations was 1 (1-4), with no differences
between sexes. All clinical characteristics were similar,
except for larger body size and higher systolic blood pres-
sure (SBP) in men (table 1).

ECG, exercise capacity and heart failure
Mean heart rate was 7013 beats/min and QTC duration
was 457+45 ms, similar in both sexes.

Mean QRS duration was prolonged with 141+30ms,
with significantly longer QRS duration in male patients
(151+30ms vs 128+25 ms, p<0.001; table 1).

The total population had mean exercise capacity of
155+38 W, with men having higher exercise capacity than
women (174+35watt vs 131+27watt, p<0.001; table 1).
NYHA class was equal between sexes.

More than half of patients (53%) had NT-proBNP
above normal values, with similar prevalence in men and
women (p=0.19; table 1).

One patient required heart transplant at the age of 40
due to biventricular heart failure.

right ventricular mid cavity diameter; RVDS3, right ventricular
longitudinal diameter; RVFAC, right ventricular fractional area
change; RVOT, right ventricular outflow tract.;

Echocardiographic parameters

In the total population, RV dimensions were increased
compared with normal values also when indexed for body
surface area. RV and LV global function were slightly
impaired measured by EF and GLS (table 2).

Cardiac function of RV and LV were significantly
impaired in men compared with women, expressed by
lower LV EF and both RV and LV GLS (p=0.001; table 2).
LV GLS and RV GLS were lower in male patients oper-
ated for TOF in all age groups (figures 1 and 2).

No sex differences were observed in RV and right
ventricular outflow tract diameters, RV FAC nor in LV
and LVOT diameter (table 2).

Incidence of VA
In all, VA occurred in 35 patients at a mean age of
38+9years, 32+6years after surgery. Sustained VA was the
first registered VA in 19 patients, while 17 patients had
NSVT as first presentation of VA.
In all, 22 (14%) patients were implanted with ICD (16
secondary preventive ICD and 6 primary preventive ICD).
Higher RV D1 (4.3+0.5 vs 4.6+0.6, p=0.01), lower EF
(55«8 vs 50+9, p=0.02) and lower RV GLS (-18.1+4.0 vs
-16.1+4.8, p=0.04) in the entire cohort were associated
with higher incidence of VA (table 3). RV D1 had stron-
gest association to incidence of VA (table 3).
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Figure 1 LV GLS values in male and female patients with
TOF according to age. LV GLS values were showed to be
lower in male patients operated for TOF in all age groups
compared with female patients. LV GLS, left ventricular
global longitudinal strain; TOF, tetralogy of Fallot.

Patients with VA had more frequently NT-proBNP over
reference range (n=27 (23%) vs n=8 (77%), p<0.001).
NT-proBNP values were missing for five patients.

We found no differences in the incidence of VA, nor
at age at VA between men and women (table 3). Male
patients had mostly experienced sustained VT (77%) as
first presentation of VA, while female patients frequently
had NSVT (76%) at first VA presentation (p<0.01). VA
had occurred at median 7years (range 1-18years) prior
to last follow-up.

QRS duration did not differ in those with and without
VA (143+32ms vs 137+28 ms, p=0.2).

Of the 22 patients with ICD, 13 were men (59%). ICD
had been implanted in 19% of the male cohort compared
with 11% of the female cohort (table 1).

DISCUSSION

This study confirmed reduced RV and LV function in
adult patients operated for TOF. Interestingly, we showed
that male patients had more reduced cardiac function

Survival Functions
SEX
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j4 j TTMALE
&5 —FEMALE
+— MALE-censored
—+ FEMALE-censored

RVGLS

0 20 40 60

Age at echocardiography

Figure 2 RV GLS values in male and female patients with
TOF according to age. RV GLS values were lower in male
patients with TOF in all age groups. RV GLS, right ventricular
global longitudinal strain; TOF, tetralogy of Fallot.

3

at follow-up at all ages, indicating a more severe heart
failure outcome compared with female patients. The inci-
dence of VA was similar in men and women and 1 out
of 4 patients experienced VA at the age of 38+9years, an
average of 32years after surgical repair.

Heart failure outcome

In our study, patients operated for TOF showed lower
RV function and dilated RV at long term follow-up.
Similar results were showed in other adult TOF popula-
tions, where RV GLS was reduced compared with normal
controls, despite unchanged RV EF on cardiac magnetic
resonance and only modest RV dilatation.'® The decrease
in strain values compared with healthy subjectsis notunex-
pected, as both the anatomical features of the congenital
heart disease and the following surgical correction influ-
ence the ventricular contractility resulting in alteration
of GLS.

Also, LV function was decreased in our patients with
TOF. Several studies investigating ventricular function
and contractility have been conducted on patients with
TOF. One study showed that asymptomatic paediatric
TOF population with a normal LV EF already exhibited
abnormal segmental and global LV longitudinal and
circumferential strains compared with a matched healthy
control group.'

Interestingly, our study showed that male patients
with TOF had worse RV function compared with female
patients at long-term follow-up. This finding supports
previous findings of Menting et al as they showed that
male patients with TOF had significantly lower LV GLS
and RV free wall strain compared with female patients
and speculated that RV dysfunction adversely affects
LV function, probably by mechanical coupling of the
ventricles.”’

Cut-off values and possible explanations for sex differences
in RV function

In a healthy population, LV GLS <-16% and RV GLS
<~23% are generally considered abnormal.”' ** Extremes
of age and SBP may be related to lower LV GLS values.
There are currently no reference values for RV GLS in
patients after corrective surgery for TOF. However, in
other cardiomyopathies affecting primarily the RV, as
arrhythmogenic RV cardiomyopathy, the cut-off value for
abnormal RV GLS proposed is ~18%."” In our cohort of
patients with TOF, more than 30years after surgery, RV
and LV GLS and global LV EF was impaired in men with
TOF at all ages, while women had GLS values within the
reference range of normal population. Higher SBP values
reported in our male patients with TOF might influence
GLS values, although SBP was within normal range in
our male patients (<130mm Hg). Lower RV and LV GLS
values in male patients at all ages, together with lower
EF, might reveal a subclinical myocardial dysfunction and
consequently an early stage of heart failure ahead of the
symptomatic phase which occur earlier than in female
patients.
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Table 3 Risk factors and incidence of VA in patients with TOF

No VA VA
(n=113) (n=35) P value OR P value
Age at operation, years 4.6+4.5 4.6+0.2 0.94
QRS duration, ms 13627 147+34 0.06
NYHA class 1(1-3) 1(1-3) 0.55
Exercise capacity, W 151+38 151+33 0.97
Operations, no 0.8+0.9 1.0+0.8 0.26
RV FAC, % 48.5+6.9 47.3+7.5 0.44
RV D1, cm 4.3+0.5 4.6+0.6 0.01 2.4(1.2105.0) 0.01
2.8(1.1106.9) 0.025
RVOT, cm 2.9+04 2.9+0.5 0.86
LV EF, % 55+8 50+9 0.02 0.94(0.90t00.99)  0.02
LV MD, ms 44+14 49+16 0.09
LV GLS, % -17.7£3.3 -16.5+3.9 0.09
RV MD, ms 3722 42+17 0.22
RV GLS, % -18.1+4.0 -16.1+4.8 0.04 1.1(1.0t01.2) 0.03

GLS, global longitudinal strain; LV, left ventricular; LVEF, left ventricular ejection fraction; MD, mechanical dispersion; RV, right ventricular;
RVD1, right ventricular basal diameter; RVFAC, right ventricular fractional area change; RVOT, right ventricular outflow tract; TOF, tetralogy of

Fallot; VA, ventricular arrhythmias.

NYHA class level and the generally good exercise
capacity in both men and women supported that myocar-
dial dysfunction was mainly asymptomatic. However, more
than 50% of patients with TOF had elevated NT-proBNP
values, supporting the finding of subclinical heart failure
confirmed by imaging parameters.

Incidence of VA and device therapy

Our study confirmed a high incidence of VA of 25%
30years after surgery in patients with TOF. A large multi-
centre study reported SCD as the most common causes of
death in TOF with 49%, followed by heart failure (27%)
and coronary artery disease (6%).”

Importantly, our study showed that in the entire TOF
cohort reduced cardiac function expressed by reduced
EF and RV GLS was associated with VA, highlighting the
importance of follow-up cardiac imaging in risk assess-
ment for VA in these patients. GLS has been shown to
predict VA in certain patient populations, as after myocar-
dial infarction and in arrhythmogenic RV cardiomyop-
athy."” # Similarly, use of strain echocardiography for
arrhythmic risk assessment could be broadened to patients
with congenital heart disease, in particular patients oper-
ated for TOF. The incidence of VA was equally repre-
sented in both sexes and VA occurred at approximately
the same age for male and female patients. This finding
confirmed that the arrhythmic burden is equally distrib-
uted in both sexes during adult life as showed in previous
multicentre studies.” '’ In contrast, men in the general
population have higher risk of sudden CA than women,
in all age groups,* and the higher incidence of coronary
artery disease and a higher prevalence of cardiac struc-
tural abnormalities may explain these differences.” Our

patients were young and probably too young to include
the full risk regarding coronary artery disease. Neverthe-
less, the equal VA incidence between sexes in our TOF
population may indicate a relatively higher risk of SCD
in female patients with TOF compared with the general
population.

A similar pattern is observed in some cardiomyopa-
thies, where male patients have generally higher risk of
severe VA. In arrhythmogenic RV cardiomyopathy, male
sex is one of predictors for VF and ICD therapy.”® In a
similar way, a history of VF is more frequent in men with
Brugada syndrome, being the age at the onset of VF also
lower in men than in women.?’

Our study confirmed prolonged QRS duration in long-
term follow-up of patients with TOF as reported previ-
ously,”® with the novel finding of longer QRS duration
in male patients. An increased QRS duration has previ-
ously been recognised as risk factor for VA and SCD in
patients with TOF. QRS duration of 180 ms or more, QRS
duration rate of change (>3ms per year over a 10-year
period), older age at repair and pulmonary regurgitation
were the most important risk markers of VA and SCD in
adults with repaired TOF. In contrast, we found no asso-
ciation between QRS duration and VA in our population.
None of our patients diagnosed with severe VA presented
ORS duration >180ms. This finding highlights increased
arrhythmic risk also at QRS duration below 180 ms.

In our cohort, 14% of patients had received ICD
implantation during adult life. We found no sex differ-
ences in frequency of ICD implantation (19% of men,
11% of women). However, we cannot exclude that larger
studies may show sex differences.
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The reason of a more balanced distribution of severe
VA between sexes in patient with TOF compared with the
general population and to cardiomyopathies is currently
not known. One might speculate that the prolonged and,
in some cases, reiterated haemodynamic stress occur-
ring in pregnancy,” might outweigh females’ benefit
and increase the risk of VA in female patients with TOF,
according to a previous report.go

Study limitations

This was a cross-sectional cohort study with retrospective
event adjudication, with intrinsic limitations. We cannot
draw a conclusion about causal connection, and we
cannot measure incidence. The relatively limited sample
size may give rise to insufficient power to detect subtle
differences.

CONCLUSION
This study confirmed reduced RV function in adult
patients operated for TOF at long-term follow-up. Male
patients had significantly impaired LV and RV function
expressed by lower LV and RV GLS values at all ages.
The incidence of VA was high, 25% at 30years after
surgery and was similar between sexes. Reduced cardiac
function and elevated NT-proBNP were associated with
higher incidence of VA and may be important in risk
assessment.
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