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Abstract Management of patients with Eisenmenger syndrome with pulmonary atresia is challenging because of the
complexity of the structure–function relationship of the components of the syndrome. Multi-modality imaging
including cardiac magnetic resonance (CMR) 4D Flow offers unprecedented opportunities to unravel, at least in part,
some of these components, and thus help in the management of these patients. In this study, we describe the use of
these integrated methods with particular reference to CMR 4D Flow in a patient with Eisenmenger syndrome and
pulmonary atresia and outline both the utility and the limitations. A comprehensive cardiac magnetic resonance
(CMR) 4D Flow analysis was performed preoperatively and postoperatively, during peak systole, late systole, early diastole,
and late diastole. The focus of the present study was to investigate the pattern of flow and dynamic changes at different
levels of the aorta, as well as in the duct and the pulmonary arteries. Preoperatively, a right-handed helix and a vortex
were observed in the dilated ascending aorta, and the duct flow was mainly dependent on reverse, upstream flow from
the descending aorta, distal to the duct, during diastole, denoting low pulmonary vascular capacitance. Following
repair, the flow in the ascending aorta and the descending aorta changed markedly. These changes included both
timing and intensity of the right-handed helix, as well as the vortex in the ascending aorta. The significance of
the observed changes in flow pattern and their influence on wall structure and function are discussed. Our study
demonstrates the extremely powerful potential of CMR4D Flow in themanagement of complex congenital anomalies.
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THE MANAGEMENT OF PATIENTS WITH EISENMENGER

syndrome depends on thorough understanding
of the complex patterns of flow in the aorta and

the pulmonary artery, as well as defining the relation-
ship between capacitance of the pulmonary and
systemic circulations. This is compounded in patients
with pulmonary atresia.1 CMR 4D Flow has been
newly introduced as a powerful tool to characterise the
pattern of flow and haemodynamics,2 which can be
useful for both decision making preoperatively and

during the follow-up. In this study, we describe the
use and limitation of CMR 4D Flow mapping in a
patient with pulmonary atresia, duct-dependent
pulmonary circulation, and severe pulmonary hyper-
tension to illustrate the potential of this powerful
technique in complex CHD.

Patient and methods

A 5-year-old girl with a body weight of 13 kg and
oxygen saturation of 75% on room air was severely
symptomatic (NYHA Class III). The patient was on
conventional heart failure medication and sildenafil
for pulmonary hypertension. She underwent an
exploratory sternotomy in another centre 2 years ago.

Correspondence to: M. Yacoub, Aswan Heart Centre-Magdi Yacoub Foundation,
Kasr ElHagger Street, Aswan 81513, Egypt. Tel: +2(079)2312947; Fax: +2(097)
2312847; E-mail: m.yacoub@imperial.ac.uk
*Equally contributed in the manuscript.

Cardiology in the Young (2016), 26, 1581–1589 © Cambridge University Press, 2017
doi:10.1017/S1047951116001682

mailto:m.yacoub@imperial.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1017/S1047951116001682&domain=pdf


www.manaraa.com

Echocardiography and angiography showed pulmon-
ary atresia, ventricular septal defect, and duct-
dependent pulmonary circulation with pulmonary
hypertension (Fig 1).
Cardiac catheterisation showed aortic pressure of

80/50mmHg, mean 64mmHg, and 70/27mmHg,
mean 59mmHg, in the main pulmonary artery –

measured through the duct. Oxygen saturation
in both the aorta and the pulmonary arteries was 90%,
and this increased to 98% with 100% O2 inhalation,
suggesting a degree of reversibility of pulmonary
hypertension.
CMR 4DFlowwas performed to assess the pattern of

aortic and pulmonary flow using a 1.5-T MRI scanner
(Siemens Magnetom Aera; Siemens Medical Systems,
Erlangen, Germany) and a Siemens Special Sequence
Package for 4D Flow acquisition and post-processing;3

the detailed protocol is described in Appendix 1.
Surgical management included the division of the

very large duct followed by insertion of a 2.3-cm,
cryopreserved homograft conduit from the right
ventricle to the transected pulmonary artery. The
ventricular septal defect was closed by a Dacron patch
followed by making a cruciate fenestration in the
patch with each limb measuring 4mm.
The patient had a smooth postoperative course,

and she was extubated on day 5 postoperatively. Her
oxygen saturation was 90%. Echocardiography showed
good left and right systolic function; flow across the
fenestrated patch was bidirectional, and there was
laminar flow across the homograft. CMR 4D Flowwas
again performed 1 month after surgery. After
2 months, she had severe chest infection, and her
oxygen saturation dropped to 70%. Therefore, she
was re-admitted to the hospital for medical manage-
ment. Unfortunately, after 3 weeks, she passed away.

Figure 1.
Aortic angiography showing a large duct supplying both
pulmonary arteries in the anterior–posterior view. LPA= left
pulmonary artery; RPA= right pulmonary artery.

Figure 2.
Preoperative anatomy of the aorta, duct, and pulmonary artery (using Materialise Mimics, Leuven, Belgium) on (a) anterior–posterior view and
(b) posterior–anterior view at selected anatomical planes: (A1) aortic valve, (A2) descending aorta proximal to the duct, (A3) descending aorta
distal to the duct, (A4) descending aorta at the diaphragm level, (P1) left pulmonary artery, (P2) right pulmonary artery, and (D) duct.
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CMR 4D Flow analysis

Quantitative analysis
Forward, backward, and net flow as well as flow rate
and velocity over the cardiac cycle were measured at
seven anatomical levels (Fig 2). This was conducted at
four phases: peak systole, representing the maximal
flow velocity of the aortic valve, late systole at aortic
valve closure, early diastole at the first half of the
diastolic time, and late diastole at the second half of
the diastolic time.

Qualitative analysis
Colour-coded streamlines and vector velocity were
used to visualise flow pattern and vortex development
through the aorta, duct, and pulmonary arteries.
A vortex was defined as a regional circular flow pat-
tern deviating by >90° from the physiological flow
direction along the vessel lumen.4 The relative period

of the vortex existence – the vortex duration expres-
sed as percentage of the cardiac cycle – was measured.

Results

Data on preoperative and postoperative flow analysis
are summarised in Table 1.

A. Preoperative flow analysis

1. The ascending aorta was dilated (30mm,
Z score= 3) with a right-handed helix. A clear
vortex formation started during late systole and
persisted throughout diastole (Figs 3 and 4,
Supplementary video 1); the vortex existence
was observed during 60% of the cardiac cycle.
The resulting maximum forward-flow rate
during systole was 297ml/second with a peak
velocity of 1.0m/second (Fig 5). Interestingly,
there was backward flow of 1.5ml during

Table 1. Quantitative analysis of preoperative and postoperative flow at anatomical planes.

Preoperative Postoperative

A1 A2 A3 A4 D A1 A2 A3 A4 MPA

Forward-flow rate (ml/second) 295 183 42 37 130 71 26 25 25 66
Net flow (ml) 43 34 6 5 26 7.5 5 4 4 6
Forward flow (ml) 44 34 4 4 26 8 5 4 4 6
Backward flow (ml) 1.5 0 2 1 0 0.5 0 0 0 0
Maximum velocity (m/second) 1.0 1.4 1.0 1.0 1.8 0.9 0.6 0.6 0.8 0.6
Cardiac output (L/minute) 5.3 4.2 0.8 0.7 3.2 0.9 0.6 0.5 0.5 0.7

A1= aorta valve; A2= descending aorta proximal to duct; A3= descending aorta distal to duct; A4= descending aorta at diaphragm level; D= duct;
MPA=main pulmonary artery

Figure 3.
Colour-coded streamlines showing preoperative flow pattern in the ascending aorta, duct, pulmonary arteries, and descending aorta during
(a) peak systole, (b) late systole, (c) early diastole, and (d) late diastole phases.
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Figure 4.
Colour-coded vector velocity showing preoperative flow mapping in the ascending aorta during (a) peak systole, (b) late systole, (c) early
diastole, and (d) late diastole phases. A right-handed helical flow with a clockwise rotation of the vortex formed in the dilated ascending
aorta starts in the late systole phase and persists throughout diastole.

Figure 5.
Colour-coded streamlines showing preoperative flow pattern during the peak systole phase. Time flow curves (over a cardiac cycle of 470 ms)
showing forward-flow rate in the ascending aorta (A1), descending aorta proximal to the duct (A2), descending aorta distal to the duct (A3),
duct, and both pulmonary arteries. LPA= left pulmonary artery; RPA= right pulmonary artery.
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diastole compared with a forward flow of 44ml
during systole (Fig 6).

2. Descending aorta proximal to the duct: laminar flow
with no vortex development through the whole
cardiac cycle was observed. The highest flow
velocity was observed on the inner curvature of
the descending aorta just proximal to the duct
with a peak velocity of 1.8m/second; the
maximum forward-flow rate during systole
was 89ml/second, and the forward flow was
34ml (Figs 3 and 4, Supplementary video 1).

3. Duct and pulmonary arteries: the maximum
forward-flow rate in the duct during systole
was 130ml/second, and the forward flow was
26ml. The flow pattern through the right and
left arteries showed systolic notches character-
istic of severe pulmonary hypertension5

(Fig 5).
4. Descending aorta distal to the duct: the maximum

forward-flow rate during systole (42ml/second)
and the forward flow (6ml) were markedly
decreased compared with that in the ascending
aorta, arch, and duct (Fig 5). During diastole,

reversal flow, which is continued to the duct,
was observed (Figs 3 and 6, Supplementary
video 1). The backward flow was 2ml; the
regurgitation fraction was 16%.

B. Postoperative flow analysis

1. Ascending aorta: the right-handed helical flow
and vortex that were noted preoperatively
started earlier, during peak systole, and
stayed throughout diastole (Figs 7 and 8,
Supplementary video 2). Vortex existence was
observed in over 78% of the cardiac cycle. The
maximum forward-flow rate during systole
(70ml/second) and the forward flow (8ml)
were significantly lower compared with values
preoperatively. Backward flow during diastole
(0.5ml) remained postoperatively because of
the dilatation of the descending aorta still
causing abnormal vortex (Fig 8).

2. Descending aorta: the maximum forward-flow
rate during systole was 25ml/second, and the
forward flow was 4ml. During diastole, no

Figure 6.
Colour-coded streamlines showing preoperative flow pattern during late diastole. Time flow curves (over a cardiac cycle of 470 ms) showing
backward-flow rate at the aortic valve (A1), descending aorta distal to duct (A3), and descending aorta at the diaphragm level (A4).
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reversal flow was observed (Figs 7 and 8,
Supplementary video 2).

3. Pulmonary arteries: the maximum forward-
flow rate in the main pulmonary arteries
during systole was 66ml/second, and the
forward flow was 6ml. The flow pattern

through the right and left arteries showed
a normal flow pattern. The flow velocity
through the right pulmonary artery
(1.2m/second) was slightly higher compared
with the flow velocity through the left
pulmonary artery (0.8m/second) (Fig 9).

Figure 7.
Colour-coded streamlines showing postoperative flow pattern in the ascending and descending aorta during (a) peak systole, (b) late systole,
(c) early diastole, and (d) late diastole phases.

Figure 8.
Colour-coded streamlines showing postoperative flow pattern during (a) peak systole and (d) late diastole phases. Time flow curves (over
a cardiac cycle of 470 ms) showing forward- and backward-flow rate at the aortic valve (A1) and backward-flow rate of the descending aorta
(A3 and A4).
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Discussion

This study illustrates the capacity of CMR 4D Flow
mapping to yield unique additional information in
patients with complex CHD. This information can
include the pattern, direction, and speed of flow in
different segments of the aorta and pulmonary artery
as well as the interaction between flow and structure
of these segments.
In the patient described in this study, dilation of

the ascending aorta resulted in changes in the pattern
of flow, intensity, and timing of the vortex. Following
the repair and because of separation of both circula-
tions, the forward-flow rate and maximum velocity in
the ascending aorta were reduced significantly. In
addition, a prolonged vortex existence was observed,
which is probably related to the existing dilation of

the ascending aorta and the loss of momentum. This
vortex could lead to energy loss due to the transfor-
mation of energy into vortex inertia.4 These changes
can have important implications to the reservoir
function of the aorta6 and possibly to coronary flow.7,8

Interestingly, the backward flow, which was measured
as 3% of the total cardiac output preoperatively,
changed to 6% of total cardiac output postoperatively,
indicating that this was mainly due to changes in
direction and timing of the vortex, as well as the
quantity of blood going through the aortic valve
(43ml). The considerable drop in peak flow rate
observed postoperatively (Fig 8, Table 1) reflects the
separation of the two circulations, which results in
marked relief of systolic ventricular overload.
The marked difference of the flow profile in dif-

ferent segments of the aorta preoperatively indicates

Figure 9.
Colour-coded streamlines showing postoperative flow pattern in the left and right pulmonary arteries during (a) peak systole and (d) late
diastole phases. Time flow curves (over a cardiac cycle of 470 ms) showing forward-flow rate in the main pulmonary artery (MPA), the left
pulmonary artery (P1), and the right pulmonary artery (P2).
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the fact that the blood passing through the ascending
aorta and arch is divided between the duct and the
descending aorta in a specific manner. This could
give a rough indication of the true pulmonary flow
and indirectly the pulmonary vascular resistance. In
addition, the backward flow in the descending aorta
during diastole is a possible measure of the capaci-
tance of the pulmonary and systemic circulation.
The abnormal flow pattern in the right and left

pulmonary arteries (systolic notches) that partially
normalised postoperatively indicates a degree of
reversibility of the pulmonary vascular resistance.
The additional information could be of great value

for management of the patient both preoperatively and
postoperatively. The patient described here had an
excellent early postoperative course; however, the later
outcome illustrates the complexity of the disease, which
in this case showed progressive raise in pulmonary vas-
cular resistance, was unresponsive to modern treatment
of pulmonary hypertension, including endothelin,
antagonis, prostanoids (remodulin), and phosphodies-
terase type 5 inhibitor (Sildenafil), and the fact that this
child was corrected very late at the age of 5 years.
The limitations of this study include its complexity

and time-consuming nature; however, the ongoing
development of the software should – at least in part –
solve this problem to make this an extremely powerful
technique that can be used more commonly; however,
the accuracy and relationship to computational fluid
dynamics have to be studied further.9

Conclusion

CMR 4D Flow is a very helpful tool to investigate
patterns of flow in complex CHD. Observing flow
propagation and quantifying its distribution can be
utilised to identify severity of disease and the multi-
ple impact of obstruction on different areas of the
cardiac system. Including CMR 4D Flow in clinical
practice will leverage advanced image-based tools
towards anatomy and patient-specific comprehensive
clinical assessment.

Supplementary materials

For supplementary material referred to in this article,
please visit http://dx.doi.org/10.1017/S104795111
6001682
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Appendix 1

The images of CMR 4D Flow were acquired on a
1.5-T MRI scanner using Siemens AddIn/special
sequence package. A 60-mm slab was placed in the
aorta, from the aorta valve to the abdominal aorta at
the diaphragm level, including the duct and both
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pulmonary arteries. Velocity was encoded in three
orthogonal directions, and the images were acquired
during free breathing by an imaging sequence
with retrospective electrocardiogram gating (10%
acceptance window, 18 reconstructed cardiac phases).

Imaging parameters were as follows: repetition
time/echo time 23/2.6ms, field of view
370–400mm, flip angel 10°, voxel size
1.9× 1.9× 2mm, two signal averages, and a 237-Hz
sampling bandwidth.
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