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Novel application of 4D sonography with B-flow imaging
and spatio-temporal image correlation (STIC) in the
assessment of the anatomy of pulmonary arteries in fetuses
with pulmonary atresia and ventricular septal defect
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ABSTRACT

Objectives To assess the reliability of two-dimensional
gray-scale (2D) and color Doppler echocardiography
in the study of the size and anatomy of the central
pulmonary arteries and of the sources of pulmonary
blood flow in a case series of fetuses with pulmonary
atresia and ventricular septal defect (PA-VSD), and to
evaluate whether the use of 4D ultrasound with B-flow
imaging and spatio-temporal image correlation (STIC)
can improve prenatal diagnostic accuracy.

Methods The study population comprised a group of
seven PA-VSD fetuses that had been examined by 2D
and color Doppler echocardiography exclusively, and
a group of five additional cases identified initially by
conventional echocardiography and examined further by
4D ultrasound, for all of which a thorough postnatal or
autopsy study of the size and anatomy of the pulmonary
arteries and blood supply was available.

Results 2D and color Doppler echocardiography failed
to assess the anatomy of the central pulmonary arteries
and the source of the pulmonary blood supply in 33% and
25% of the 12 cases, respectively. 4D ultrasound with B-
flow imaging and STIC assessed successfully the anatomy
of the pulmonary arteries and the source of pulmonary
blood supply in all five fetuses examined.

Conclusions The prognosis of PA-VSD is influenced by
the anatomy of the pulmonary arteries and the sources
of the pulmonary blood supply, and by coexisting
extracardiac and genetic anomalies. Our findings,
although limited to a small sample size, suggest that

4D echocardiography with B-flow imaging and STIC,
unlike 2D ultrasound, can provide thorough visualization
of very small vessels and of the arterial blood supply to
the lungs of fetuses with PA-VSD. 4D ultrasound may
be used in the future to improve and help to detail the
diagnosis of other fetal cardiac defects. Copyright  2006
ISUOG. Published by John Wiley & Sons, Ltd.

INTRODUCTION

Pulmonary atresia with ventricular septal defect (PA-VSD)
is a rare and severe congenital heart defect characterized
by a complete obstruction, or absence of communication,
between the right ventricle and the pulmonary artery1–3.
The pulmonary trunk is usually involved; in extreme
cases it can be completely absent. When the right and left
pulmonary arteries (RPA and LPA) are present, they are
commonly smaller than normal and confluent, with the
characteristic appearance of a ‘flying seagull’4 (Figure 1a).
Their size is usually dependent on the source of arterial
supply. The pulmonary vascular bed may be supplied
with blood from the ductus arteriosus (DA), from major
aortopulmonary collateral arteries (MAPCA), or from a
combination of both3,5.

Along with the presence of extracardiac and genetic
anomalies6–10, the prognosis of PA-VSD is influenced by
the anatomy of the pulmonary arteries and by the sources
of pulmonary blood supply11,12, whose appreciation helps
to provide fully informed prenatal counseling.

Based on the analysis of large series of fetuses
with heart defects13,14 two-dimensional gray-scale (2D)
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Figure 1 (a) Cross-sectional view of the fetal thorax, at the level of
the great arteries, showing the ‘flying seagull’ appearance of the
branch pulmonary arteries (thick arrows). The main pulmonary
artery stops before reaching the outflow tract (thin arrow). AO,
aorta. (b) Color Doppler showing one major aortopulmonary
collateral artery (arrow) arising from the descending aorta.

echocardiography appears to identify reliably cases
of PA-VSD. In contrast, the accuracy of 2D and
color Doppler echocardiography to assess the size and
confluence of the pulmonary arteries and the source of
the pulmonary blood supply has been evaluated only in
postnatal series of patients with PA-VSD15,16, and data
on prenatal examination are lacking.

B-flow imaging is a new technique that uses digitally
encoded sonographic technology to provide direct
visualization of blood echoes in gray scale. It displays
simultaneously both tissue morphology and blood flow
using the same gray-scale schemes (unlike color Doppler
flow, in which the color signals are superimposed onto

structural gray-scale images)17–19. The B-flow image
does not interfere with the information produced by B-
mode because both utilize the same spatial resolution
and frame rate. When compared with color and power
Doppler sonography, B-flow sonography has a higher
frame rate and better spatial resolution. It allows angle-
independent detection of weak blood reflectors from
vessels17–19. Moreover, it has been suggested to allow
better visualization of small vessels with low flow
velocity20,21.

The aim of this study was two-fold: first, to estimate
the ability of 2D and color Doppler echocardiography
to assess the size and anatomy of the central pulmonary
arteries and to identify the sources of pulmonary blood
flow in a case series of fetuses with PA-VSD; second, to
compare 2D echocardiography and 4D ultrasound with
B-flow imaging and spatio-temporal image correlation
(STIC), in an attempt to clarify whether the latter
approach might add diagnostic information to better
define the prognosis of fetuses with PA-VSD.

METHODS

To assess the accuracy of fetal 2D echocardiography
in identifying the sources of pulmonary blood flow
and the anatomy of the pulmonary arteries, we first
conducted a retrospective study of all cases that had
been diagnosed with PA-VSD at our center in the period
1994–2003, and for which postnatal echocardiography
and/or an autopsy report was available. Fetuses with
PA-VSD and additional major heart defects were not
included. Overall, we retrieved nine cases, but two were
excluded due to the lack of an autopsy report. In all cases,
fetal 2D echocardiography had been performed with an
ultrasound system provided with pulsed, continuous and
color Doppler (Prosound 5000 Aloka, Tokyo, Japan).

Then, we sought to evaluate whether the use of
4D ultrasound would improve the prenatal assessment
of PA-VSD. With this aim, starting from January
2004, all cases diagnosed as PA-VSD at 2D and color
Doppler echocardiography were examined further by
4D ultrasound with B-flow imaging and STIC, using a
Voluson 730 Expert ultrasound machine (General Electric
Medical Systems, Kretztechnik, Zipf, Austria). Again,
fetuses with additional major heart defects were not
included. In this way, we were able to study a further
five fetuses.

In all cases, the size and anatomy of the pulmonary
arteries and the nature of the blood supply to the
lungs were established conclusively by catheterization and
angiography, and/or at surgery or autopsy.

The following quantitative echocardiographic param-
eters were retrieved from recorded videotapes and/or
measured on an offline computer and analyzed: car-
diothoracic ratio and maximum diameter of pulmonary
branches. These measurements were compared with estab-
lished normal sizes22,23. The diameters of the LPA and
RPA were measured from 2D images in a short-axis view
of the right ventricular outflow tract or in a three-vessels
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view. These views were also used to determine the pres-
ence or absence of a main pulmonary artery and to
document LPA-to-RPA direct continuity. We identified
the side on which the aortic arch was using the three
vessels and trachea view. MAPCA were defined as vessels
connecting the descending aorta with pulmonary termina-
tions either at the distal branch of the pulmonary arteries
or within the lung parenchyma (Figures 1b and 2); less
frequently, individual collateral arteries can also originate
from the brachiocephalic arteries or even from the coro-
nary arteries. Commonly they are between two and six in
number.

DA was defined as a vessel connecting the undersurface
of the aortic isthmus with the pulmonary artery
bifurcation. When retrograde flow from the transverse

Figure 2 Three-dimensional sonography with B-flow imaging of the
aortic arch and descending aorta, showing two major
aortopulmonary collateral arteries arising from the thoracic aorta.

aortic arch or from the end of the arch was demonstrated,
the source of the pulmonary arteries was considered to
be the DA; when retrograde flow originated from the
descending aorta or from aortic arch branches, the source
of the pulmonary blood supply was considered to be the
MAPCA.

In the second part of the study, after 2D and color
Doppler evaluation of each case, once the apical four-
chamber view of the heart was visualized, heart volume
datasets were acquired with B-flow imaging and STIC
using transverse sweeps through the fetal thorax. B-
flow settings during acquisition were: sensitivity = 4 and
persistence = 2. The time acquisition lasted between 7.5
and 12.5 s and the acquisition angle varied from 20◦
to 30◦. Volume datasets were displayed initially using
multiplanar slicing. The original plane of acquisition,
containing the apical four-chamber view of the heart, was
displayed in Panel A of the screen; a transverse orthogonal
view of the heart was displayed in Panel B and a coronal
orthogonal view in Panel C. Then volume rendering was
applied to the dataset, and a 3D image with the same
orientation as that in Panel A was displayed in the lower
right panel of the screen. The direction of view (green line
on the left of the rendering box) was set with the same
orientation as that in Panel A. The region of interest was
adjusted on Panel B in an attempt to display a thick-slice
rendering that comprised the fetal heart and its vascular
connections, the aortic arch and the whole aortothoracic
tract. Surface rendering was performed with a mixture
of gradient light plus surface algorithms. Post-processing
adjustments were performed as necessary, including gray-
scale threshold and transparency, to improve image
quality.

The rendered images were analyzed to evaluate the
anatomy of the central pulmonary arteries and the source
of the pulmonary blood supply. To obtain optimal images,
the 4D images were frozen and the most informative
volume dataset within the cardiac cycle was chosen.

Table 1 Sonographic characterization of pulmonary atresia with ventricular septal defect by two-dimensional gray-scale and color Doppler
echocardiography

Case
Gestational
age (weeks)

Confluent
pulmonary arteries

Source of pulmonary
blood flow

Location of
aortic arch

Postnatal/autopsy
findings Outcome

1* 22 Yes DA Left Confirmed TOP
2 21 Yes DA Left Confirmed Alive
3 22 — MAPCA Right Non-confluent PA TOP
4 21 Yes DA Left Confirmed Alive
5 21 Yes — Right DA TOP
6 22 — — Right Confluent PA and MAPCA TOP
7 31 Yes DA Left Confirmed Alive
8 22 Yes DA Left Confirmed Alive
9 21 Yes DA Left Confirmed Alive

10 26 — MAPCA Right Confluent PA Alive
11 21 Yes DA Left Confirmed Alive
12 22 — — Right Non-confluent PA and MAPCA TOP

*This was the only case with associated cardiomegaly. —, not identified; DA, ductus arteriosus; MAPCA, major aortopulmonary collateral
arteries; PA, pulmonary arteries; TOP, termination of pregnancy.
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Figure 3 Case 10. Both pre- and postnatal echocardiography identified only the aortic outflow tract (a) and one major aortopulmonary
collateral artery (MAPCA) arising by the descending aorta (b; arrow), with no evidence of confluent pulmonary arteries. This was instead
demonstrated by B-flow with spatio-temporal image correlation (c), and confirmed by cardiac catheterization (d, e), along with the presence
of a second MAPCA that had been missed on two-dimensional sonography. In (c) the large arrow indicates the MAPCA and the small arrow
indicates the confluence of the pulmonary arteries. In (d) the arrows indicate the MAPCA. In (e) the arrow indicates the confluence of the
pulmonary arteries.

RESULTS

We identified 14 fetuses with isolated PA-VSD among 910
cases of fetal heart defects at our center over a period of
12 years (1.54%). The mean gestational age at diagnosis
was 23 (range, 21–31) weeks, with 10/14 cases diagnosed
prior to 24 weeks of gestation.

Among the 12 cases with postnatal or autopsy
confirmation, 2D and color Doppler echocardiography
allowed us to identify eight fetuses with confluent central
pulmonary arteries (Table 1). Cardiomegaly was present
in one case (Case 1). The dimensions of the pulmonary
arteries were, in all but two cases, at least 2 SDs below

the mean value for gestational age; in the remaining two
cases they were 1 SD below the mean. Assessment of
the anatomy of the central pulmonary arteries was not
possible in four patients (Cases 3, 6, 10 and 12). In
two of these cases (Cases 6 and 10), hypoplastic central
pulmonary arteries proved to be confluent at postnatal
angiography or autopsy; in the other two they were non-
confluent (Cases 3 and 12). At 2D and color Doppler
echocardiography, the source of the pulmonary blood
supply was identified correctly in 9/12 fetuses (MAPCA
in two and DA in seven cases). In the remaining three
fetuses, the pattern of pulmonary blood supply could
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not be assessed reliably (Cases 5, 6 and 12) (Table 1).
Overall, 2D and color Doppler echocardiography failed
to evaluate the anatomy of the central pulmonary arteries
in 33% of cases of PA-VSD and to assess the source of
the pulmonary blood supply in 25% of them.

In contrast, 4D ultrasound with B-flow imaging and
STIC assessed correctly the anatomy of the pulmonary
arteries and the source of the pulmonary blood supply in
all five of the fetuses with PA-VSD examined. Noteworthy,
in one case (Case 10) both fetal 2D ultrasound and
postnatal echocardiography failed to identify reliably
the confluence of the pulmonary arteries, which was
recognized by 4D ultrasound examination and confirmed
definitively at the time of catheterization by angiography
(Figure 3).

Right aortic arch was present in 5/12 cases and it was
assessed correctly in all cases at 2D echocardiography.

DISCUSSION

This study, albeit comprising a relatively small cohort of
fetuses with PA-VSD, suggests that 4D ultrasound with
B-flow imaging and STIC is able to assess thoroughly the
anatomy of the pulmonary arteries and the sources of
pulmonary blood flow, supplying valuable information
that cannot be obtained reliably by 2D fetal sonography.

Conventional fetal echocardiography appears to iden-
tify reliably cases of PA-VSD, as shown by large case
series of fetuses with CHD13,14,24, although, in some
instances, the differential diagnosis from common arterial
trunk may cause some difficulty25. However, assessment
of the anatomy of the central pulmonary arteries and of
the pattern of pulmonary blood flow is not always easy
to define even at postnatal echocardiography15,16.

Isolated PA-VSD presents a difficult management plan,
since variations in blood supply to the pulmonary arterial
tree may be complex and create significant variations
in the development of the pulmonary arteries1,3,26. The
presence of central pulmonary arteries of appropriate size
and the relationship of the RPA and LPA are of surgical
relevance. The central pulmonary arteries are considered

‘confluent’ when they maintain free communication with
each other (Figure 1a). If all intrapulmonary arteries are
connected to confluent pulmonary arteries, the pulmonary
blood supply is said to be unifocal; commonly, in this
case, the source of the pulmonary blood flow is the DA.
When the lungs are supplied by more than one source,
the pulmonary blood supply is said to be multifocal3.
In this case confluent pulmonary arteries, themselves fed
by one or more MAPCA, are connected to only a part
of the lungs, while the remainder of the parenchyma
is supplied directly by a variable number of MAPCA.
Multifocal collateral blood supply is commonly associated
with arborization abnormalities3,26. Indeed, the number
of MAPCA turns out to correlate inversely with the
completeness of arborization of the LPA and RPA.

Figure 4 represents schematically the main patterns
of pulmonary arterial supply. The most favorable
arrangement is that in which the RPA and LPA
are confluent and are supplied by the DA3. In the
second major pattern, the central pulmonary arteries are
confluent and coexist with MAPCA. The third pattern is
the complete absence of the central pulmonary arteries, the
lungs being supplied directly by multiple MAPCA. This
last pattern, associated with absent central pulmonary
arteries, has the worst prognosis and is the most difficult
to treat in postnatal life3,12. Hence, knowledge of all
sources of pulmonary blood supply and the anatomy of
the pulmonary arteries in cases of PA-VSD is essential for
appropriate surgical planning, and to offer fully informed
prenatal counseling to the couple.

This study emphasizes the difficulties of 2D and
color Doppler echocardiography in the evaluation of
the size and anatomy of the pulmonary arteries and
in the assessment of the pulmonary blood supply in
fetuses with PA-VSD, as has already been reported in
postnatal case series of PA-VSD16. In our case series, 2D
echocardiography assessed correctly the anatomy of the
central pulmonary arteries in only 8/12 (66.6%) patients
and detected the source of the pulmonary blood supply in
75% of cases (Table 1). Both cases with non-confluent and
hypoplastic pulmonary arteries were not assessed reliably.

(a) (b) (c)

Figure 4 Schematic representation of the three main patterns of pulmonary arterial supply. (a) The left and right pulmonary arteries (arrows
and gray shading) are confluent and are supplied by the ductus arteriosus (arrowhead and black). (b) The central pulmonary arteries (thin
arrows and gray shading) are confluent and coexist with major aortopulmonary collateral arteries (MAPCA) (thick arrows and hatching).
(c) There is complete absence of the central pulmonary arteries, the lung being supplied directly by multiple MAPCA (arrows and hatching).
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Our study also found that B-flow imaging with STIC was
able to visualize the pulmonary arteries and the source of
the pulmonary blood supply in all five cases of PA-VSD
examined; in fact, two of these cases (Cases 10 and 12)
were overlooked by 2D echocardiography, one of them
even escaping detection at postnatal echocardiography
(Case 10) (Figure 3).

Reports have shown that 3D ultrasound can provide
additional diagnostic information for the assessment of
some facial and skeletal anomalies27,28. These rendered
images may be especially helpful for assisting operators
who counsel parents about the nature, prognosis and
postnatal management of such malformations. Recently,
it has been suggested that the use of 4D echocardiography
with STIC and the 3D/4D ‘inversion mode’ rendering
algorithm for the fetal heart and its vascular connections
can provide information that may improve the prenatal
visualization of some cardiac defects21,29–31.

In conclusion, the findings presented here, although
limited to a small sample size, support the superior
ability of B-flow imaging and STIC, compared with
2D ultrasound, to visualize correctly very small vessels
and pulmonary blood flow in fetuses with PA-VSD. 4D
ultrasound may be used in the future to improve and
help to detail the diagnosis of other fetal cardiac defects.
This holds true in spite of the improvement in ultrasound
equipment and operator experience over the years, since a
comparison between the former period (1994–2003) and
our most recent experience (2004–2005) failed to reveal
a significant difference in the accuracy of the assessment
of the anatomy of the pulmonary arteries and the sources
of pulmonary blood flow in fetuses with PA-VSD by
conventional 2D ultrasound.
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