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Abstract

Aim To evaluate changes of right ventricular (RV)

parameters in follow-up examinations after corrected

tetralogy of Fallot (TOF) by cardiac magnetic resonance

(CMR).

Methods CMR was performed twice within 4 years in 45

patients using a 1.5 T scanner. RV-volumes and pulmonary-

regurgitant-fractions (PRF) were calculated from standard

cine-sequences and flow-sensitive gradient-echo images,

respectively. Patients were divided into two groups

depending on the post-operative (po) interval (group

1 B5 years po; group 2 [5 years po) and subgroups

depending on type of surgery (transannular vs. non-trans-

annular). Patient groups were compared among each other

and differences between 1st and 2nd CMR were assessed.

Furthermore, patients were compared with 25 healthy

volunteers.

Results Compared with controls RV-size was increased

(group 1: p = 0.007; group 2: p \ 0.001) and RV function

decreased (group 1: p = 0.02; group 2: p \ 0.001) in po

TOF-patients. PRF was higher in group 2 compared with

group 1 (p = 0.04) and significant changes of PRF

between 1st and 2nd CMR were found in group 2

(p \ 0.01), but not in group 1 (p = 0.29). Compared with

the non-transannular subgroup, PRF (p \ 0.001) and RV

end-diastolic-volume index (RV-EDVI) (p = 0.03) were

significantly higher in patients with a transannular patch,

EDVI increased between 1st and 2nd CMR. After correc-

tion, no significant changes of RV myocardial mass index

(RV-MMI) were found.

Conclusion After correction of TOF, RV-size, RV-muscle

mass (RV-MM) was increased and ejection fraction

decreased in ‘‘early’’ follow-up already. Whereas these

parameters can remain stable over a long time period, the

PRF significantly increased in ‘‘late’’ follow-up dependent

on the po interval. Overall, transannular patching went

along with higher PRF and bigger RV-size as well as a

greater dynamic of these parameters in the time course,

which makes this subgroup highly in need of regular fol-

low-up examinations for the optimal timing of re-inter-

ventions. In contrast, the increased RV-MM demonstrated

no regression po.

Keywords Tetralogy of Fallot � CMR � Time course �
Pulmonary regurgitation

Introduction

Prognosis after surgical repair of tetralogy of Fallot (TOF)

has improved significantly due to advances in cardiovas-

cular diagnosis and surgical therapy in the recent decades
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resulting in a large number of patients reaching adulthood

[1, 2]. Nevertheless, complete repair, particularly in the

right ventricular outflow tract, may not be achieved in all

patients leading to an increased incidence of long-term

cardiac morbidities. Residual pulmonary regurgitation

(PR), especially in transannular patching, leads to RV

volume overload and ventricular dilatation as well as QRS-

prolongation, which puts these patients on increased risk

for right-sided heart failure, ventricular arrhythmia and

sudden cardiac death [3, 4].

Long-lasting volume overload of the RV caused by PR

does not only affect right ventricular function, but also the

interventricular interaction and left ventricular perfor-

mance [5–8].

Acquisition of volumetric and functional parameters is

therefore crucial in routine follow-up examinations and

early detection of changes can avoid major clinical com-

plications. As cardiac magnetic resonance (CMR) is an

excellent method to obtain these data with high accuracy,

low variability and without radiation exposure [9–15]; it

is performed routinely since the mid-1990s for this

indication.

In the present study, our aim was

1. to describe the development of RV dilatation and RV

dysfunction in a longitudinal section

2. to analyze whether there are important changes of

volumes and function even early after correction and

3. to compare data of TOF patients with a group of age-

matched controls

Methods

Patient population

Forty-five patients (27 males, 18 females) after surgical

repair of TOF undergoing quantitative assessment of

right heart function and degree of regurgitation over the

right ventricular outflow tract were included in this

study. All patients came for regular outpatient visits to

our tertiary care center. Evaluation of ventricular volume

and function as well as the degree of pulmonary regur-

gitation was performed using a 1.5 T MR scanner

(Gyroscan, Philips).

In this cohort each patient was examined twice within a

period of follow-up time of 4 years. Patients with common

contraindications for MR like a permanent pacemaker/ICD

or intracranial metallic implants were excluded. Further-

more patients with a relevant pulmonary stenosis of

[2.5 m/s flow velocity in the RVOT/pulmonary trunk

were excluded from the study to avoid bias of the

obstructive component.

Patients were divided into two groups depending on

time between surgical repair and first CMR examination:

Group 1: B5 years after surgery = ‘‘early’’ follow-up

group; mean po interval 4.5 ± 0.13 years

Group 2: [5 years after surgery = ‘‘late’’ follow-up

group; mean po interval 16.5 ± 1.1 years

Changes in cardiac parameters between first and second

CMR were compared in each group (within-group com-

parison) and groups were compared among each other

(between-group comparison). We created subgroups in

regard to the used surgical method, i.e., transannular versus

non-transannular repair.

Furthermore, the CMR data of patients after TOF repair

were compared with an age-matched group of 25 healthy

volunteers.

This study complies with the declaration of Helsinki and

was approved by the local ethics committee. All patients or

parents had given their informed consent before the

examination.

Measurement of cardiac volumes and masses

All CMR examinations were performed on a 1.5 T scanner

(Gyroscan ACS-NT, Philips Medical Systems, Best, The

Netherlands) with a five-channel phased-array surface coil

in supine position.

For the assessment of right ventricular volumes and

masses, a breath hold or respiratory gated cine-SSFP

sequence with retrospective ECG-gating in a short axis

orientation perpendicular to the interventricular septum

was performed. Thirty phases were acquired per heart

cycle. TE was 1.8 ms, TR 3.6 ms, flip angle 50�, matrix

size 256 9 128, slice thickness 6 mm, inter-slice gap

0 mm. Typical in plane spatial resolution was 1.2 9 1 mm.

Endocardial and epicardial borders were manually traced in

end-systole and end-diastole in each slice (Fig. 1).

Volumes were obtained by Simpson’s rule [16] accord-

ing to the protocol of the German Competence Network of

Congenital heart disease [17]. All parameters were related

to body surface and shown as indices. We determined right

ventricular end-diastolic volume index (RV-EDVI), end-

systolic volume index (RV-ESVI), stroke-volume index

(RV-SVI) as well as right ventricular myocardial mass

index (RV-MMI). Furthermore, we calculated right

ventricular ejection fraction (RV-EF).

CMR-flow measurement

CMR phase contrast flow measurement to measure pul-

monary regurgitant fraction (PRF) was performed with a

flow-sensitive gradient echo sequence in a perpendicular

orientation (‘‘through plane’’) cranial to the pulmonary
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valve and below the pulmonary bifurcation. Flow velocity

and flow volumes were quantified. Encoded velocity

(Venc) was 200 cm/s. In case of aliasing, we increased

Venc in steps of 25 cm/s. The acquisition was performed

during free breathing using a sequence with retrospective

gating to cover the whole heart cycle (TE 6.1–6.4 ms, TR

20 ms, flip angle 20�, matrix size 96 9 256).

Statistical analysis

A Kolmogorov–Smirnov test was used to test for nor-

mality. Data were given as means ± SD when distribution

was Gaussian and medians and ranges when not normally

distributed. For comparison between groups an unpaired

t test or a Mann–Whitney Test was performed depending

on distribution. For comparison between first and second

CMR within one group (within-group comparison) a

paired t test or Wilcoxon test was performed. A proba-

bility value less than 0.05 was considered statistically

significant. All data were analyzed with SPSS version 12

(SPSS Inc.).

Results

Distribution of patient and control group parameters is

summarized in Table 1.

Patient and control group demographics

Patient characteristics are presented in Table 2. The control

group consisted of 13 female and 12 male volunteers with a

mean age of 18.5 ± 6.9 SD years and matched to the age

of our patient group.

Fig. 1 Short axis view of the heart of a 4-year-old boy after

transannular correction of TOF in a end-systole and b end-diastole.

By manually tracing the endocardial and epicardial borders of each

slice the ventricular volumes and the myocardial mass can be

calculated. Determination of RV myocardial mass was performed in

end-diastole for a better visualization of the compact myocardial

layer. Trabeculations were excluded. Note the aneurysm of the right

ventricular outflow tract that shows a dyskinesia in systole (white
arrows) due to the creation of a transannular patch. Also note the

straightening of the interventricular septum, which is a sign of volume

overload of the right ventricle (black arrows). Ellipse right ventricular

outflow tract, star right ventricle, triangle left ventricle

Table 1 Distribution of volumetric and functional parameters in patient groups and controls

Group 1 (n = 10) Group 2 (n = 35) Controls n = 25

1st MRI 2nd MRI 1st MRI 2nd MRI

RV-EDVI (ml/m2)a 93.8 ± 26.9a 113.3 ± 31.3a 105.4 ± 27.7a 117.5 ± 31.6a 75.8 ± 10.3a

RV-ESVI (ml/m2)b 48.3 ± 19.3a 58.9 ± 15.6a 53.4 ± 19.2a 64.4 ± 23.7a 31.1 ± 5.9a

RV-SVI (ml/m2)a 45.5 ± 17.1b 54.4 ± 23.1a 49.6 ± 14.6a 53.1 ± 16.9a 44.4 ± 7.8a

RV-EF (%)b 48.7 ± 22.5b 47.7 ± 15.0b 47.4 ± 11.0b 45.0 ± 15.4b 58.7 ± 5.0b

PRF (%)b 18.5 ± 11.7b 20.1 ± 16.0b 27.5 ± 22.0b 33.2 ± 21.7b 0

RV-MMI (g/m2)b 34.0 ± 22.7b 30.1 ± 14.5b 40.2 ± 20.6b 37.8 ± 21.0b 15.3 ± 3.0b

Data given as mean and standard deviation (a) for Gaussian distribution or median and interquartile range (b) when not normally distributed

Levels of significance are quoted in the text

EDVI end diastolic volume index, ESVI end systolic volume index, SVI stroke volume index, EF ejection fraction, PRF pulmonary regurgitant

fraction, MMI myocardial mass index
a mean ± SD
b median ± interquartile range (IQR)
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In ten patients, the first CMR examination was per-

formed B5 years po (group 1 = ‘‘early’’ follow-up), in 35

patients [5 years after correction (group 2 = ‘‘late’’ fol-

low-up). Reliable information on the used surgical tech-

nique for reconstruction of the right ventricular outflow

tract was available in 38 patients; in group 1 a transannular

patch was used in 8 (80%), a non-transannular approach in

one patient. In group 2, 21 patients (60%) received a

transannular and 8 a non-transannular repair. All patients in

group 1 underwent surgical correction in the 1990s. Dates

of correction in group 2 ranged from 1974 to 1995. Two

patients demonstrated with NYHA grade III and all other

patients with NYHA grade I or II.

Time course of right ventricular volumetric

and functional parameters

In 1st CMR, RV end-diastolic volume index (RV-EDVI)

was significantly higher in both patient groups compared

with controls (p = 0.007 for group 1; p \ 0.001 for group 2,

means ± SD, see Table 1). Furthermore, group 2 (mean

105.4 ± 27.2 SD ml/m2) showed a tendency of higher RV-

EDVI compared with group 1 (mean 93.8 ± 26.9 SD ml/m2)

without reaching significance (p = 0.25, Fig. 2). There

was an increase of RV-EDVI between 1st and 2nd CMR

only in the subgroup with transannular patching (1st CMR:

mean 108.9 ± 22.1 SD ml/m2, 2nd CMR: mean 123.0 ±

25.7 SD ml/m2; p = 0.001, Fig. 3), but not in the non-

transannular subgroup (1st CMR: mean 89.5 ± 31.7

ml/m2, 2nd CMR: mean 103.2 ± 27.5 ml/m2; p = 0.29).

Three patients, all group 2, exceeded an RV-EDVI of

[150 ml/m2. Two of these patients demonstrated impaired

right ventricular ejection fraction \40%, only one though

with clinical symptoms of heart failure grade NYHA III. In

four patients CMR results and clinical evaluation resulted

in pulmonary valve replacement.

Table 2 Patient characteristics, data given are: number of patients,

median and IQR or mean and SD

General parameters n = 45

Gender (male/female) 27/18

Age at repair (mean ± SD, years)

Group 1 1.1 ± 0.8

Group 2 3.9 ± 0.6

Age at 1st CMR (mean ± SD, years)

Group 1 6.8 ± 0.8

Group 2 20.4 ± 1.5

Age at 2nd CMR (mean ± SD, years)

Group 1 9.7 ± 0.8

Group 2 22.3 ± 1.4

Interval repair to 1st CMR (mean ± SD, years)

Group 1 4.5 ± 0.1

Group 2 16.5 ± 1.1

Operative notes 38

Transannular patch 28

Non-transannular patch 10

Prior palliative shunt 14

Fig. 2 Boxplot demonstrating RV-EDVI of the control group and

both patient groups. Significant differences can be found between

controls and patients. There is also a tendency of increase between the

‘‘early’’ (group 1) and the ‘‘late’’ (group 2) follow-up without

reaching significance

Fig. 3 Boxplot demonstrating changes of right ventricular end-

diastolic volume index between 1st and 2nd CMR in patients with a

transannular patch. There is a highly significant increase within this

subgroup
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RV end-systolic volume index (RV-ESVI) demonstrated a

significant increase in group 1 (mean 48.3 ± 19.3 SD ml/m2;

p \ 0.001) and group 2 (mean 53.4 ± 19.2 SD ml/m2;

p \ 0.001) compared with the control group (mean

31.1 ± 5.9 SD ml/m2).

RV stroke volume index (RV-SVI) showed no differ-

ences between patient groups (group 1: mean 45.5 ± 17.1

SD ml/m2, group 2: mean 49.5 ± 14.6 SD ml/m2; p =

0.46). As a consequence, although significantly decreased

compared with controls (medians ± IQR, see Table 1; p for

group 1 = 0.017, p for group 2 \ 0.001) also right ven-

tricular EF did not change, neither between patient groups

(medians ± IQR, see Table 1; p = 0.58, Fig. 4) nor

between 1st and 2nd CMR in both groups (medians ± IQR,

see Table 1; p = 0.88 for group 1, p = 0.42 for group 2).

Pulmonary regurgitant fraction was higher in group 2

compared with group 1 (median 27.5 ± 22.0 IQR ml/m2

vs. median 18.5 ± 11.7 IQR ml/m2; p = 0.04). While

there was no difference between 1st and 2nd CMR within

group 1 (medians and IQR, see Table 1; p = 0.29), we

found an increase of PRF between 1st and 2nd CMR within

group 2 (medians and IQR, see Table 1; p \ 0.001). There

was also a significant increase between 1st and 2nd CMR

within the transannular subgroup independent of the affil-

iation of patients to group 1 or group 2 (1st CMR: median

31.5 ± 12.2 IQR%, 2nd CMR: median 39.5 ± 12.8

IQR%; p \ 0.001). No changes were found in the non-

transannular subgroup (Fig. 5).

Compared with controls both patient groups showed a

significantly higher RV myocardial mass index (group 1

median 34.0 ± 22.7 IQR mg/m2, group 2 median

40.2 ± 20.6 IQR mg/m2; p \ 0.001 for both groups).

There were also no changes between 1st and 2nd CMR

within both groups (medians ± IQR, see Table 1).

Discussion

This study confirms the significant deterioration of ven-

tricular volume and function over time in patients with

congenital right heart disease and residual defects in

form of predominantly pulmonary valve regurgitation.

These changes have been found mainly in patients with

transannular surgical repair and in a late follow-up

period.

Longitudinal studies in post-operative Fallot patients

usually focus on changes in RV volume after pulmonary

valve replacement [18] or clinical long-term outcome. To

our knowledge, this is the first study that describes the

changes of volumetric and functional parameters as well as

pulmonary regurgitation of two consecutive CMR exam-

inations in a relatively large group of patients after surgical

repair of TOF.

Fig. 4 Boxplot diagram showing right ventricular function (RV-EF%)

of both patient groups. There is no significant difference between

the ‘‘early’’ (B5 years po) and the ‘‘late’’ ([5 years po) follow-up

group

Fig. 5 Development of

pulmonary regurgitant fraction

between 1st and 2nd CMR in

non-transannular and

transannular correction. There is

a significant increase of PRF in

the transannular subgroup,

whereas PRF remains unaltered

in the non-transannular

subgroup
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The clinical utility of CMR in follow-up examinations

after correction of TOF was emphasized recently [19], and

gradient echo cine-CMR is the most accurate imaging

modality to determine right and left ventricular volumes

and function [20–22]. Furthermore, CMR phase contrast

flow measurement is the ideal method to quantify PRF non-

invasively [23, 24].

Time course of RV size and pulmonary regurgitation

Right ventricular enlargement is a common finding in

patients after surgical repair of TOF. Several studies

showed an increase of RV-EDVI in follow-up examina-

tions, but most studies obtained single volumetric param-

eters in late follow-up examinations only, so it remained

unclear when the process of enlargement starts [25, 26].

Our data show that compared with healthy controls, an

increase of RV-EDVI can be found in early follow-up

examinations (B5 years po) already (Fig. 2). The degree of

RV enlargement and further dynamics though highly

depend on the used surgical method. While RV size can

remain stable over a long time when the annular ring

remains intact, patients with a transannular patch show an

increase of RV size caused by long-standing pulmonary

regurgitation, which itself also increases over the years,

particularly in late follow-up ([5 years po) and when a

transannular patch was used for correction (Fig. 5).

Although the percentage of patients with a transannular

patch was higher in the early follow-up group (group 1:

80% vs. group 2: 60%), these patients presented with a

lower PRF. As all patients of group 1 were corrected in the

1990s, this notable finding might be a result of an improved

surgical technique rather than the result of a shorter follow-

up period.

We assume that right ventricular enlargement is a multi-

factorial process with long-standing pulmonary regurgita-

tion being the major cause late after surgical repair [27],

especially in patients with transannular patching. Further-

more, perioperative myocardial injury, insertion of non-

contractile materials in the interventricular septum and

RVOT may result in scarring and altered contractile

myocardial function resulting in RV dilatation in addition

to the volume overload in early follow-up (B5 years po).

This assumption has to be confirmed by further studies

using delayed enhancement imaging for visualization of

scar tissue as soon as possible after correction.

RV enlargement in association with pulmonary regur-

gitation has been reported to cause major long-term

adverse effects as reduced exercise capacity, arrhythmia

and sudden cardiac death in patients with predominantly

congenital right heart disease [28]. Although the exact

timing of PVR in the asymptomatic patient remains con-

troversial, there seems to be an upper threshold for RV size

[29, 30]. Three patients of our population exceeded an

RV-EDVI of 150 ml/m2, which might be irreversible, even

after pulmonary valve replacement [31, 32].

A large number of Fallot repairs go along with deteri-

oration of the annular ring to avoid residual stenosis. Our

findings are stressing the need of close-meshed CMR fol-

low-up examinations for the exact assessment of RV size

and PRF not to miss optimal timing for PVR.

Time course of right ventricular ejection fraction

Compared with controls, RV-EF of our patients was lower

in both patient groups (Fig. 4). This corresponds to previ-

ous studies, that also showed an impaired RV function in

patients after correction of TOF [33]. Apart from pul-

monary regurgitation, impaired RV function early after

surgical repair may, like early RV enlargement, be

explained by additional pre-, intra- or post-operative con-

tributing factors, i.e., scarring. This underlines the pre-

sumptions of Niezen et al. [34], who also found reduced

RV-EF in a group of 19 children about 9 years after cor-

rection of TOF.

Right ventricular function did not show significant

changes in within- or between-group comparison, neither in

the transannular nor in the non-transannular subgroup. It is

believed that an increase of RV-EDVI late after correction

can initially be compensated by the Frank–Starling mech-

anism, as shown by a ventricular stroke volume index,

which was increased by trend in late follow-up in our study.

This mechanism obviously also works in patients after

corrected TOF, even in the late follow-up period and with a

high-degree PR in the transannular subgroup.

It remains unclear when and in which particular patients

a significant and clinically relevant impairment of RV

function starts. For definite determination of the influence

of the used surgical technique and age at correction on

development of right ventricular function, prospective

studies with homogenous patient groups are needed.

Time course of right ventricular myocardial mass

One notable finding of this study was the massive increase

of RV mass index of Fallot patients compared with con-

trols. RV hypertrophy was found in both patient groups,

even in long-term follow-up, although patients with a rel-

evant pulmonary stenosis were excluded from the study.

This indicates that pre-operative hypertrophy does not

regress completely in the post-operative course. This

finding is in agreement with earlier studies, showing that

myocardial cell diameters can regress to some extent, but

not entirely after correction of TOF [32, 35], which results

in a permanent increase of oxygen demand and might be an

additional risk factor for the development of arrhythmias.
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Limitations of the study

This is a retrospective analysis of standardized performed

CMR in a heterogeneous group of patients after surgical

repair of TOF. Due to this fact and the progressive devel-

opment of technique of TOF surgery our patient group was

inhomogeneous regarding age at repair, age at follow-up

and the used mode of surgical reconstruction of the RVOT.

Also time intervals between CMR examinations were

irregular and division of the studied patients had to be

performed.

Because of the limited availability of CMR in the past

and the difficulties of performing MR examinations in

infants there are no CMR examinations directly after sur-

gical correction of TOF. Therefore, the time course of

functional parameters can only be judged from initial CMR

examinations. This leads to limited statistical power. Fur-

ther prospective longitudinal studies with homogenous

patient groups and defined intervals between CMR are

necessary to evaluate the time course and prognostic

impact of volumetric and functional parameters after

complete correction of tetralogy of Fallot.

Patients with a manifest ventricular tachycardia and an

implanted cardioverter/defibrillator had to be excluded

from the study. Thus, it was not possible to correlate the

obtained parameters with the most interesting subgroup of

patients within the meanings of this study.

Conclusion

Alterations of ventricular volumes and function are present

in almost every post-operative TOF patient. These changes

are not only the result of typical long-term complications

like pulmonary regurgitation and resulting ventricular

volume overload. There are also early post-operative

changes like impaired right ventricular ejection fraction

and early RV dilatation, which may be a result of pre- or

intra-operative events. Both early and late changes highly

depend on the method of surgical correction with a greater

dynamic in transannular patching. Apart from transannular

versus non-transannular repair there might be a benefit of

improved surgical techniques for patients corrected in the

1990s.

Our findings are stressing the need for regular follow-up

examinations of RV volume and function after surgical

repair of congenital right heart disease such as the TOF. As

CMR is the gold standard for the quantification of ven-

tricular volumes and pulmonary regurgitation, this modal-

ity should be the imaging tool of choice in follow-up

examinations of TOF patients to avoid long-term irre-

versible major complications.
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