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Abstract

To evaluate the usefulness of cardiovascular magnetic resonance (CMR) 3D steady state free precession (SSFP) sequence
acquired at end-systole (ES) in repaired Tetralogy of Fallot (rToF) patients eligible for percutaneous pulmonary valve implan-
tation (PPVI). Between 2012 and 2018, 78 rToF patients were selected for pulmonary valve replacement (PVR) according
to CMR criteria. CMR protocol included 3D-SSFP sequence used to assess the right ventricle outflow tract (RVOT) diam-
eters at three levels (pulmonary valve remnant, mid-portion, bifurcation) in mid-diastole (MD) or ES, RVOT length and
coronary artery anatomy. In 20 rToF patients without indications for PVR (controls), 3D SSFP sequence was acquired at
both cardiac phases (MD and ES) to evaluate RVOT dimension throughout the cardiac cycle. Invasive balloon sizing was
recorded in patients undergoing PPVI. The 3D-SSFP sequence was performed in MD on 39 patients and in ES on other
39, of whom 26 patients met the criteria for PPVI. The latter was unsuccessful in ten patients (38%), mainly due (80% of
cases) to significant size discrepancy at PV remnant and bifurcation levels (p = 0.019 and 0.037 respectively) between the
measurements by 3D-SSFP in MD and those by the balloon size in systole. Significant RVOT size difference between MD
and ES was present at mid-portion and bifurcation levels in the PVR candidate group, and at all three-levels in the control
group (all p<0.001). ES 3D-SSFP sequence is able to quantify RVOT dilation in rToF patients at its maximum expansion,
thus improving selection of PPVI candidates.

Keywords 3D-SSFP navigator sequence - Tetralogy of Fallot - Percutaneous pulmonary valve - Cardiovascular magnetic
resonance

Introduction

Chronic pulmonary regurgitation (PR) is commonly seen
in patients with repaired tetralogy of Fallot (rToF) and may
result in right ventricular dilation, biventricular dysfunction,
heart failure symptoms, arrhythmias and/or sudden death
[1]. Pulmonary valve replacement (PVR) is increasingly
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used to treat the chronic volume overload due to PR, lead-
ing to improvement in functional class and reduction or
normalization of right ventricular volumes [2, 3]. PVR can
be performed using a transcatheter technique (percutaneous
pulmonary valve implantation, PPVI) or surgically (surgical
pulmonary valve replacement, SPVR) [2, 4-6]. Mortality
and morbidity associated with SPVR are low, but not neg-
ligible. Percutaneous pulmonary valve implantation (PPVI)
is a valid alternative to SPVR in selected cases, given the
limited options of diameter sizes available for percutane-
ous prosthetic valves [7—10], as well as the impact of the
function and anatomy of the right ventricle outflow tract
(RVOT) on the procedure [11, 12]. For instance, only
recently the Edwards SAPIEN XT valve has been introduced
with the bigger size of 29 mm. Even though the procedure
is restricted to few cases, its major strength is to eliminate
the complications related to cardiopulmonary bypass and
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sternotomy as well as to shorten the recovery time of the
conventional surgical approach. However, even PPVI is
an invasive procedure and requires exposure to radiation
because a two-step catheterization is needed in these patients
(the first for device sizing and placement of a hybrid stent
and the second for device deployment) [13]. Therefore, item-
ized pre-interventional assessment of RVOT morphology
and size is fundamental for its success.

At present, cardiovascular magnetic resonance imaging
(CMR) is considered the most robust imaging modality for
evaluation of ventricular size, systolic function and quan-
tification of pulmonary regurgitation, making it the ideal
tool to guide PVR patient selection [14, 15]. Indeed, CMR
is an excellent tool to evaluate the right ventricle outflow
tract (RVOT) anatomy, pulmonary arteries and aorta, using
contrast enhanced MR angiography (CE-MRA) [16]. Fur-
thermore, CE-MRA can now be synchronized with the ecg
and this new sequence is replacing the older ungated one for
vessel measurements, due to the fact it can be acquired at a
specific phase acquisition of the cardiac cycle, thus avoid-
ing to under or overestimate dimensions [17]. However,
even gated CE-MRA sequence requires the contrast agent
administration, as well as patient cooperation with a perfect
apnea and stillness. Recently, the non-contrast enhanced 3D
steady-state free precession (SSFP) sequence, triggered by
both cardiac and respiratory signals, has been able to provide
an accurate evaluation of the dimensions of both thoracic
veins and arteries [18—20]. Therefore, its use is increasing,
particularly in the pediatric age, given that the acquisition can
be set at a specific cardiac phase and the influence of respira-
tory artifacts can be reduced without the need for contrast
agent and apnea [19, 20]. Our aim was to evaluate if acquir-
ing non-contrast enhanced 3D SSFP sequence at end-systole
(ES) rather than at mid-diastole (MD) was better in order to
identify candidates for PPVI, according to the dimension of
the prosthetic valves available. In addition, we compared the
measurements taken with such sequence with the ones taken
at cardiac catheterization, the current gold standard.

Materials and methods
Study population

Between March 2012 and September 2018, among all rToF
patients, who underwent CMR assessment for moderate or
severe RV dilation evaluated qualitatively at echocardiog-
raphy, 78 were candidates for PVR based on CMR criteria
suggested by the literature [15]. Twenty rToF subjects under-
going CMR with lesser dilation on echocardiography and
without PVR indication, were additionally selected as con-
trols. No significant residual RVOT obstruction was present
in our series. Patients with a right ventricle-to-pulmonary
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artery conduit were excluded. All patients were asympto-
matic at the time of the study. Patient characteristics and
surgical repair data (transannular versus infundibular patch)
were collected in all cases.

Cardiovascular magnetic resonance imaging

CMR examinations were performed with a 1.5 T scanner
(Achieva, Philips Medical, Best, The Netherlands), using
a cardiac 5-channel phased array coil. The study protocol
for patients with rToF included retrospectively gated 2D
SSFP cine sequences in 2 and 4 chamber views, a short
axis stack with whole coverage of both ventricles (10-18
slices; thickness: 5 mm; interslice gap: 2 mm) and RVTO
views in the oblique sagittal, coronal and axial planes (thick-
ness 6 mm) to assess for pulmonary expansion during the
cardiac cycle. The 3D SSFP navigator sequence was per-
formed with the following parameters: field of view (from
190%x 137x77 to 240%x 210X 151 mm, depending on the
patient’s size), acquisition matrix 192 x 144, reconstruc-
tion matrix 384 X 384 mm, slice thickness 0.89 mm, acqui-
sition voxel 1.88 x 1.88 X 1.78 mm, reconstruction voxel
0.94%0.94%0.89 mm, TE=1.62 ms, TR=3.2 ms, flip
angle =55°, turbo factor =28, and sensitivity encoding
(SENSE) of 2.2. Respiratory navigator was placed on the
right hemi-diaphragm with a 2-4 mm displacement win-
dow according to the patient’s BSA. Magnetization prepa-
ration pulses included a T2 prepared pulse and a spectral
fat-saturation inversion recovery pulse. Data acquisition was
performed in the sagittal plane with a navigator acceptance
rate of 30-60%, because it is faster than coronal acquisition
by reducing the field of view. The phase encoding direction
was anterior - posterior. We did not encounter significant
de-phasing artifacts in the pulmonary artery region in our
experience. The acquisition phase in the PVR group was
set at mid-diastole for the patients, who were scanned in
earlier years when this was our standard of practice, and at
end-systole for the other subjects, who underwent CMR in
later years. This change over time was due to some failed
percutaneous procedures consequent to underestimation of
RVOT measurements taken at CMR using mid-diastole 3D
SSFP imaging, whereas the maximum expansibility of the
RVOT is at end-systole. In the control group, we used a
dual phase option with the acquisition of both mid-diastole
and end-systole in one single 3D SSFP sequence in order to
analyze the degree of RVOT expansibility during the cardiac
cycle. Standard CMR volumes and function were analyzed
in all cases.

The measurements on the 3D SSFP navigator sequence
were performed with a double oblique technique in MPR
(Multi-Planar Reconstruction) mode using a commercially
available software (Viewforum, Philips Medical, Best, Neth-
erlands). The monitor gray scale was adjusted to avoid image
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intensity saturation. The RVOT/pulmonary arteries were dis-
played in three mutually perpendicular planes. Two planes
were aligned with the long axis of the vessel and the third
was adjusted to provide a cross-section of the vessel. On the
latter images, the minimum and maximum diameters were
measured at three levels of the RVOT (pulmonary valve rem-
nant, mid-portion, bifurcation). PV remnant was considered
at the level of native pulmonary sinus of Valsalva, RVOT

Fig. 1 The figure shows where the measurements are taken in the 3D
SSFP navigator sequence set at end-systole and the cross-section of
the vessel at the three levels. RPA right pulmonary artery, LPA left
pulmonary artery, PV pulmonary valve

mid-portion was assessed when the vessel crossed the aorta
in the cross-section and the bifurcation was identified as
the most distal segment of the vessel before reaching the
pulmonary branches (Fig. 1). The RVOT length between
pulmonary valve remnant and bifurcation was also evalu-
ated. Furthermore, the area at level of the pulmonary rem-
nant, mid-portion and bifurcation was calculated considering
the cross-section of the vessel as an ellipse, given that the
two-vessel major and minor axes are never the same [21]
(Fig. 1). The ellipse area A was then calculated multiplying
by z the product between the ellipse major semi-axes a and
minor semi-axes b.

A=rnXaXb

All measurements were performed by one expert operator
with > 5 years of experience in post-processing. Two weeks
after the first evaluation of each patient, the measurements
were repeated in all 78 PVR candidates.

Finally, we compared the mean of the two measurements
(min and max) at each level (double oblique technique) in
diastole or systole (Fig. 2) with the measurement taken at
cardiac catheterization in the latero lateral projection in sys-
tole in patients selected for PPVI.

PPVl indications and procedure

PPVTI has been performed at our Institution since the end of
2011. The procedure was performed in the presence of the
following requirements: (1) Appropriate RVOT dimensions
and absence of coronary course precluding the procedure
as documented by CMR. (2) Patient’s weight no less than

Fig.2 Repaired Tetralogy of
Fallot (rTOF) patient groups

rToF PATIENTS
N=78

selected for pulmonary valve
replacement with either a surgi-
cal or percutaneous approach.
3DSSFP =3D steady-state free
precession, PPVI percutaneous
pulmonary valve implantation,
SPVR surgical pulmonary valve
replacement \ 4

3DSSFP
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SISTOLE
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28 kg. Given that at the time of the study the percutaneous
valve sizes available were 23 and 26 mm, the hypothesis to
perform PPVI was taken into consideration if RVOT dimen-
sions were between 20 and 26 mm and RVOT length was
more than 20 mm.

After a right heart catheterization, an angiography in lat-
eral and 15° LAO-30° C view was performed to measure
the RVOT in systole. If the measures taken at CMR were
comparable to those at angiography, a balloon (generally
Z Med, Numed) of appropriate diameter was inflated in the
RVOT to check for complete sealing during right ventricular
angiography performed at the same time of the inflation and
a measurement of RVOT was taken again. Afterwards, any
potential compression of the coronary arteries by the stent/
valve complex was ruled out by performing coronary angi-
ography during new balloon inflation in the RVOT. In case
of incomplete sealing of RVOT or coronary compression,
the procedure was interrupted and patients were referred
for surgery. Otherwise, PPVI required two steps. The first
step involved the placement of a hybrid stent (Andra) in the
RVOT to achieve an endothelized surface in order to prepare
percutaneous prosthetic valve deployment with a lower risk
of migration or dislodgement. The second step was carried
out after 2—4 months and consisted in both the positioning
of a covered CP stent and the implantation of the prosthetic
valve.

Statistical analysis

Results were expressed as the mean value with SD when
the data were normally distributed. Otherwise, results were
expressed as the median value with range. The Student t-test
or ANOVA statistical analysis with Bonferroni test in the
case of normally distributed data were performed. Mann
Whitney test in the case of non-normally distributed data
were used when required. Statistical analysis was performed
using SPSS. A p-value of <0.05 was considered as statis-
tically significant. Spearman’s correlation and Bland—Alt-
man post were performed in order to assess the intraobserver
variability.

Results

The sequence was performed in the PVR candidate group in
39 patients in MD and in 39 ones in ES. Twenty-six (33%)
out of 78 patients met the criteria for PPVI based on RVOT
dimensions evaluated by the 3D SSFP sequence (Fig. 2). The
other 52 patients underwent SPVR, without the need for car-
diac catheterization beforehand. Out of 26 PPVI procedures,
16 were successful (62%), while the remaining patients were
referred for SPVR (Fig. 2). Table 1 shows patient charac-
teristics and CMR data for the PPVI and SPVR group. All
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62 patients who needed SPVR showed significantly higher
right ventricular end-diastolic volumes and areas at the
three pulmonary levels than those with successful PPVI
(Table 1). In 8 out of 10 patients (80%) with unsuccessful
PPVI, the 3D SSFP sequence was set at mid-diastole and the
contraindication to proceed was related to incomplete bal-
loon occlusion of the RVOT secondary to the discrepancy
of the measurements between CMR and catheterization. In
these patients there was a significant difference between
the dimensions taken at CMR and cardiac catheterization
at two RVOT levels (remnant and bifurcation), as shown in
Table 2. In the other two patients (20%), the sequence was
set at end-systole. Of these, one patient had stent dislocation
in the right ventricle, while in the other one it was techni-
cally impossible to insert the percutaneous pulmonary valve,
even though the measurements were favorable. In the group
of successful PPVI, the 3DSSFP sequence was set at end-
systole in seven patients and at mid-diastole in 9. However,
in the nine patients with 3D SSFP imaging set at mid-dias-
tole, there was a statistically significant difference between
the measurements taken at CMR and those taken at cardiac
catheterization (Table 3), but the initial RVOT values in
diastole were so low that they did not go over those required
for PPVI when measured at angiography in systole. Instead,
in the seven patients with successful PPVI and 3D SSFP
sequence set at end-systole there were no statistically sig-
nificant differences with the measurements taken at cardiac
catheterization (Table 4). In all 78 PVR candidates, there
was a statistically significant difference between the RVOT
area at the level of the mid-portion (p=0.001) and bifurca-
tion (p=0.001) between mid-diastole and end-systole, but
not the remnant (Table 5). On the basis of the setting of
3D-SSFP (ES and MD), in the two groups of PVR candidate
patients there were no statistically significant differences in
age at CMR study, BSA, biventricular volumes and func-
tion, and pulmonary regurgitation fraction (Table 5). In the
control group, a statistically significant difference between
the measurements obtained at end-systole and mid-diastole
(Table 6) was documented for the area measured at all three
RVOT levels (all p<0.001).

Intraobserver variability

The analysis of the intraobserver variability was performed
through test—retest variability of area at level of pulmonary
remnant, considering the maximum and minimum dimen-
sions at this level the most technically difficult to take. The
analysis showed high concordance of both diastolic and sys-
tolic repeated measurements with high spearman rho (both
systolic and diastolic rtho>0.99; p<0.0001) (Fig. 3), as
shown by the Bland—Altman plot (Fig. 4).
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Table 1 Patient characteristics Successful PPVI (n=16) SPVR (n=62) P-value

Gender

Male 13 46

Female 16
TP/IP patch

TP 16 57

P 0 5
Age at repair (months) 93+6.8 10.1+7.9 0.979
Age at CMR (years) 15.0+6.3 16.2+6.1 0.265
Time repair

CMR (years) 143+6.5 15.4+5.8 0.224

PVR (years) 15.5+64 16.2+5.9 0.425
RVEDVi (ml/mm?) 153.3+14.0 167.3+24.8 0.025*
RVESVi (ml/mm?) 77.0+13.3 80.3+16.9 0.569
RV EF (%) 50.0+7.0 52.0+6.0 0.372
LVEDVi (ml/mm?) 85.9+11.9 8424144 0.532
LVESVi (ml/mm?) 40.8+5.5 36.4+9.0 0.044
LV EF (%) 53.0+6.0 57.0+7.0 0.057
PRF (%) 46.3+14.4 49.8+10.8 0.366
Area at PV remnant (mm?) 426.7+151.5 631.7+246.3 0.001*
Area at mid-portion (mm?) 350.1+£125.2 617.3+£264.5 0.001*
Area at bifurcation (mm?) 352.3+100.7 563.5+288.3 0.011*

PPVI percutaneous pulmonary valve implantation, CMR cardiovascular magnetic resonance, PVR pulmo-
nary valve replacement, TP transannular patch, /P infundibular patch, RVEDVi right ventricular end-dias-
tolic volume indexed for BSA, RVESVi right ventricular end-systolic volume indexed for BSA, RV EF right
ventricular ejection fraction, LVEDVi left ventricular end-diastolic volume indexed for BSA, LVESVi left
ventricular end-systolic volume indexed for BSA, LV EF left ventricular ejection fraction, PRF pulmonary
regurgitation fraction, PV pulmonary valve

*Statistically significant value

Table 2 Comparison of the mean diameters at the three RVOT levels
between the 3D SSFP sequence set in diastole and cardiac catheteri-
zation in systole in patients with failed PPVI

Table 4 Comparison of the mean diameters at the three RVOT levels
between the 3D SSFP sequence set in systole and cardiac catheteriza-
tion in systole in patients with successful PPVI

Measurement at Measurement at P-value Measurement at Measurement at  P-value

CMR in diastole catheterism in CMR in systole catheterism in

(mm) systole (mm) (mm) systole (mm)
PV remnant 21.6+3.5 28.0+4.7 0.02 PV remnant 254+3.7 253425 NS
MID-portion 21.7+£23 25.6+6.1 NS MID-portion 247+2.4 26.8+1.9 NS
Bifurcation 20.6+3.1 25.8+4.6 0.04 Bifurcation 243+2.4 245+2.5 NS

NS not statistically significant value, CMR cardiovascular magnetic
resonance, PV pulmonary valve

Table 3 Comparison of the mean diameters at the three RVOT levels
between the 3D SSFP sequence set in diastole and cardiac catheteri-
zation in systole in patients with successful PPVI

Measurement at CMR Measurement at  P-value
in mid-diastole (mm) catheterism in
systole (mm)
PV remnant 20.3+2.7 23.8+3.2 0.05
MID-portion 19.1+2.7 239+23 0.01
Bifurcation 19.9+3.5 24.4+3.1 0.02

CMR cardiovascular magnetic resonance, PV pulmonary valve

NS not statistically significant value, CMR cardiovascular magnetic
resonance, PV pulmonary valve

Discussion

Our paper suggests that CMR using the non-contrast
enhanced 3D SSFP sequence set at end-systole, when the
right ventricle outflow tract is at its maximum expansion,
could be a valid method for the choice of pulmonary valve
replacement type (percutaneous versus surgical) in rToF
patients treated with transannular or infundibular patch.
RVOT measurements for percutaneous prosthesis sizing
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Table 5 Patients characteristics of two groups subdivided on the basis
of the cardiac phase on non-contrast enhanced 3D SSFP sequence

ES (n=39) MD (n=39) P-value
Age at CMR (years) 15.5+6.0 16.5+6.3 NS
BSA 1.5+0.4 1.5+0.3 NS
RVEDVi (ml/mm?) 168.0+24.8 160.9+22.1 NS
RVESVi (ml/mm?) 82.0+17.5 773+14.7 NS
RV EF (%) 51.5+59 51.8+6.2 NS
LVEDVi (ml/mm?) 82.7+14.1 86.4+13.6 NS
LVESVi (ml/mm?) 37.2+9.8 37.4+7.3 NS
LV EF (%) 56.2+7.5 56.8+6.6 NS
PRF (%) 50.9+10.6 473+12.5 NS
Area at PV remnant (mm?)  615.8+202.2 540.3+231.9 NS
Area at mid-portion (mm?)  652.6+275.4 452.8+202.4 <0.01%
Area at bifurcation (mm?)  649.0+277.4 367.9+166.7 <0.01*

CMR cardiovascular magnetic resonance, BSA body surface area,
RVEDVi right ventricular end-diastolic volume indexed for BSA,
RVESVi right ventricular end-systolic volume indexed for BSA,
RV EF right ventricle ejection fraction, LVEDVi left ventricular end-
diastolic volume indexed for BSA, LVESVi left ventricular end-sys-
tolic volume indexed for BSA, LV EF left ventricle ejection fraction,
PRF pulmonary regurgitation fraction, PV pulmonary valve, NS not
statistically significant value

*Statistically significant value

obtained by using this sequence set at end-systole showed
to have excellent correlation with those taken at cardiac
catheterization during maximum expansion of the RVOT,
the current gold standard. In addition, we documented that
RVOT measures taken using 3D SSFP imaging at mid-
diastole in patients with unsuccessful PPVI were signifi-
cantly undersized compared to the dimensions taken with
balloon sizing. Furthermore, our study highlighted the
presence and importance of the significant expansion of
the RVOT during systole compared to diastole, regardless
of right ventricular dilatation and/or dysfunction degree.
This was confirmed by the use of the dual-phase 3D SSFP
sequence acquired at both mid-diastole and end-systole,
allowing for evaluation of the entire cardiac cycle. There-
fore, setting any 3D sequence by evaluating the RVOT
size at end-systole in rToF subjects becomes useful for
precise measurements, and even more so in candidates for
PVR, in whom there is a greater and different degree of
expansion of the RVOT, mainly involving the mid-portion
and bifurcation rather than the pulmonary valve remnant,
as confirmed by the only other existing CT study [22]. In
the PVR group, there were relevant differences in RVOT
dimensions measured at the three levels and the right

Table 6 Comparison of the

Area mean MD (mm?) Area mean ES (mm?) P-value
areas at the three RVOT levels (n=20) (n=20)
between the 3D SSFP sequence
set set at mid-diastole and PV remnant 480.5+138.8 579.3+175.6 p<0.001
?;‘i‘%i“’le in the control group iy o ion 466.9+163.6 569.9+177.4 p<0.001
Bifurcation 372.8+136.5 471.4+161.1 p<0.001

ES end-systole, MD mid-diastole, PV pulmonary valve
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Fig.3 Spearman’s correlation graph concerning the two measure-
ments of area at pulmonary remnant level obtained by the same
operator in the thirty-nine PVR candidate patients with the 3D SSFP
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sequence acquired at mid-diastole (a) and in those with the 3D SSFP
sequence acquired at end-systole (b)
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Fig.4 Bland-Altman plot concerning the two measurements of area
at pulmonary remnant level obtained by the same operator in all 78
PVR candidates

ventricular end-diastolic volume between PPVI and SPVR
patients, suggesting that a RVOT area cut-off distinguish-
ing patients suitable and unsuitable for PPVI could be
identified in the near future through the use of end-systolic
3D SSFP imaging in a wider rToF population.

Despite its validity, PPVI presents several difficulties,
because the function and anatomy of the RVOT, whose
morphology results from previous interventions, is unique
in each rToF patient. Consequently, PPVI has a realis-
tic chance to be successful only in about 15% of patients
referred for PVR [12]. In addition to coronary artery posi-
tion, RVOT morphology and dilatation during the cardiac
cycle as well as its distensibility to “balloon sizing” are
the major determinants of PPVI success, as extensively
documented in the literature [11, 12, 21-23]. The evalu-
ation of all these parameters requires detailed 3D assess-
ment before PPVI. The morphology of the RVOT must be
considered mainly in rToF with transannular patch, given
that among the 5 RVOT morphology types identified, the
pyramidal type that is one of the most common and one of
the most frequently associated with this type of surgery, is
not suitable for PPVI due to the high risk of device dislo-
cation [11, 12]. The exclusion of RVOT pyramidal shape
can be obtained with any 3D imaging, even though it has
been precisely documented by patient-specific modeling
with finite element method (FEM), using 3D CMR images
allowing for virtual device implantation [23]. However,
this technique is not easily applicable in clinical practice,
and the RVOT shape could also be hypothesized using
3D SSFP imaging alone. Additionally, assessing RVOT
expansibility as well as the relationship with the coronary
arteries requires a triggered 3D sequence and not just any
3D imaging [24]. Schievano et al. well documented the

3D RVOT/pulmonary arteries deformations during the
cardiac cycle and the differences in the measurements of
cross-sectional areas between static and dynamic section
planes secondary to large displacement and rotation by 4D
CT [21]. They also showed how much RVOT diameters,
where the potential device could be placed, vary over the
cardiac cycle (>50%) and the real elliptical cross-sectional
shape of the pulmonary valve remnant. Our paper not only
confirms this evidence, but it also stresses that together
with the pulmonary valve remnant, the RVOT mid-portion
and bifurcation have an elliptical shape. In our experience,
3D SSFP imaging has shown to be a valid option for com-
plete and precise RVOT assessment at its maximum expan-
sion, due to both its high anatomy resolution and its abil-
ity to evaluate any change throughout the cardiac cycle,
thus allowing considerable accuracy and reproducibility
in RVOT measurements without the need for potentially
harmful gadolinium contrast [25, 26] or breath-holding.
In addition, the sequence is acquired in the same phase
in which the device will be placed, allowing for visuali-
zation of the relationship between the coronary arteries
and RVOT, and hypothesizing potential compression by
the device itself. Therefore, CMR with this sequence may
replace CT, the other non-invasive method able to provide
3D ECG-gated images, avoiding radiation dose exposure
and iodinated agent contrast administration. This possibil-
ity becomes even more important considering that a con-
sistent number of rToF patients under eighteen reach the
criteria for PVR. 3D SSFP imaging requires only patient’s
immobility and could significantly improve patient fol-
low-up, particularly in the pediatric population, allow-
ing to distinguish subjects eligible for PPVI with a high
success rate. In our experience, it can guide the decision
to perform percutaneous versus surgical treatment with
reasonable certainty, avoiding the risks associated with a
diagnostic invasive procedure like cardiac catheterization.
This is especially relevant considering that PPVI can only
be successfully performed in few cases. However, even
in the presence of favorable CMR dimensions obtained
with 3D SSFP imaging, the compliance of the RVOT and
movement of the RVOT/pulmonary trunk junction remains
not completely predictable by any 3D imaging, given that
RVOT response “to balloon interrogation” can only be
evaluated during an interventional procedure [12]. In any
case, procedural limitations only rarely occur when pre-
interventional 3D SFFP assessment shows adequate RVOT
morphology and size.

In conclusion, our experience suggests that CMR using
end-systolic 3D SSFP imaging is the only non-invasive and
completely harmless method capable of extensively assess-
ing the RVOT in rToF patients treated with transannular
and/or infundibular patch before PPVI. Further studies on
a wider population could be decisive for the identification
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of RVOT cut-off values, increasing the ability to predict the
possibility of a successful procedure.

Limitations

Because the study was retrospective, the 3D SSFP sequence
was not acquired at both mid-diastole and end-systole in
all patients who performed CMR and had the criteria for
PVR. Moreover, despite being harmless and reproducible,
the 3DSSFP sequence needs more time to be performed in
comparison with gated-CEMRA. Therefore, it could be dif-
ficult to perform in uncooperative children.
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