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Flow-sensitive four-dimensional magnetic resonance imaging
facilitates and improves the accurate diagnosis of partial
anomalous pulmonary venous drainage

Sarah Nordmeyer,' Felix Berger,” Titus Kuehne,"” Eugénie Riesenkampff'
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Abstract Objectives: To assess if flow-sensitive four-dimensional velocity-encoded cine magnetic resonance
imaging adds value in diagnosing patients with suspected partial anomalous pulmonary venous drainage.
Methods: In six patients with echocardiographically suspected partial anomalous pulmonary venous drainage,
anatomy was evaluated using standard magnetic resonance imaging including angiography. Functional analysis
included shunt calculations from flow measurements. We used four-dimensional velocity-encoded cine magnetic
resonance imaging for visualisation of maldraining pulmonary veins and quantification of flow via the maldraining
veins and interatrial communications, if present. Results: In all patients, the diagnosis of partial anomalous
pulmonary venous drainage was confirmed by standard magnetic resonance imaging. Shunt volumes ranged from
1.4:1 to 4.7:1. Drainage sites were the superior caval vein (n = 5) or the vertical vein (n = 1). Multiple maldraining
pulmonary veins were found in three patients. Pulmonary arteries and veins could be clearly distinguished by
selective visualisation using four-dimensional velocity-encoded cine magnetic resonance imaging. Flow measured
individually in maldraining pulmonary veins in six patients and across the interatrial communication in
three patients revealed a percentage of the overall shunt volume of 30-100% and 58-70%, respectively.
Conclusion: Selective visualisation of individual vessels and their flow characteristics by four-dimensional
velocity-encoded cine magnetic resonance imaging facilitates in distinguishing adjacent pulmonary arteries and
veins and thus improves the accurate diagnosis of maldraining pulmonary veins. By detailed quantification of
shunt volumes, additional information for planning of treatment strategies is provided. This method adds clinical
value and might replace contrast-enhanced magnetic resonance angiography in these patients in the future.
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AGNETIC RESONANCE IMAGING AND MAGNETIC
resonance angiography are established

arteries can make a precise diagnosis of maldraining
vessels by standard magnetic resonance imaging

methods in diagnosing partial anomalous
pulmonary venous drainage in children and adults.'™
Magnetic resonance angiography has helped to
facilitate the identification of maldraining vessels.
However, anatomic proximity of pulmonary veins and
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difficult and the use of gadolinium-containing contrast
agent in children should be avoided if possible.

In the presence of multiple maldraining veins and
an interatrial communication, a selective quantifica-
tion of shunt volumes could be helpful for surgical
planning, but multiple standard flow measurements
can be very time-consuming.

Flow-sensitive four-dimensional velocity-encoded
magnetic resonance imaging allows the visualisation
and quantification of three-directional blood flow
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Table 1. Patient characteristics and results.

Flow via Flow via
Flow PAPVD- PAPVD  Flow via
Age Weight Height RV-EDV  Shunt PT-aorta + IAS (% of IAS (% Anomalous pulmonary Other
Patient no. (years) Sex (kg) (cm) (ml/mz) (Qp:Qs) (ml) 2D (ml) 4D shunt) of shunt) veins and draining sites anomalies
1 5.9 M 22 130 104.5 2.0:1 31.3 30.5 33.9 63.6 RUL to SCV/RA-junction  SVD
2 (Fig 1) 9.9 F 22 129 191.9 3.0:1 64.8 65.5 30.2 70.9 RUL to SCV/RA-junction ~ SVD
3 3.2 M 14 93 118.0 1.4:1 12.1 12.0 99.2 n.a. RUL to SCV None
4 38 M 61 168 255.4 4.7:1 198.0 197.9 40.7 59.3 RUL and RML to SCV/ SVD
RA-junction
Additional RUL to SCV
5 (Fig 2) 28 F 56 170 107.6 1.4:1 30.7 30.5 99.3 n.a LUL to vertical vein Stented
coarctation
Confluence (see
text for details)
Two additional small RPVs
6 (Figs 3 and 4) 42 F 60 170 107.1 1.7:1 54.0 n.a. (flow 41.8 n.a RUL to SCV/RA-junction ~ RUL drainage
via into SCV and
PAPVD: into LA
22.6 ml)

Additional RUL to SCV

Fig, figure; LA, left atrium; LUL, left upper lobe; n.a., not applicable; PAPVD, partial anomalous pulmonary venous drainage; PT, pulmonary trunk; RA, right atrium; RML, right mid-lobe; RPVs,

right pulmonary veins; RUL, right upper lobe; RV-EDV, right ventricular enddiastolic volume; SCV, superior caval vein; SVD, atrial septum defect of the sinus venosus type; 2D, two-dimensional;

4D, four-dimensional
Flow via the maldraining pulmonary veins (PAPVD) and the interatrial septum (IAS) was measured by flow-sensitive four-dimensional velocity-encoded magnetic resonance imaging and calculated as

percentage of the overall shunt volume (see text, Method section for details).
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within a three-dimensional anatomical volume.”® It
was shown that blood flow quantification with this
new method is accurate in arteries and veins in healthy
volunteers as well as in patients with congenital
cardiac disease and pathologic flow conditions.”®

In this study, we sought to visualise and quantify
the flow of maldraining pulmonary veins by using
flow-sensitive four-dimensional velocity-encoded
magnetic resonance imaging and to assess if this
method adds clinical value in diagnosing patients
with suspected partial anomalous venous drainage.

Materials and methods

Patient characteristics

The study was conducted in six patients — female three
and male three aged between 3.2 and 42 years (Table 1),
who were transferred to our imaging unit with
suspected partial anomalous venous drainage after
transthoracic echocardiography. The institutional review
board approved the study and the patients or guardians
of patients gave informed consent.

Magnetic rvesonance imaging

In all patients (n = 6), flow-sensitive four-dimensional
velocity-encoded magnetic resonance imaging was
performed in addition to the previously described
standard protocol including cine magnetic resonance
imaging in transversal and coronal orientation, magnetic
resonance angiography, and standard flow measurements
in the ascending aorta and pulmonary trunk.' The study
was conducted in a whole body 1.5 Tesla MR scanner
(Achieva R2.6.3, Philips Medical Systems, Best, The
Netherlands) using a five-element cardiac phased-array
coil (Philips Medical System, Best, The Netherlands).
Right ventricular size and function were assessed
by volumetric analysis of transversal cine magnetic
resonance imaging. Shunt volumes were assessed by
subtracting the flow in the aorta from the flow in the
pulmonary trunk in millilitres (Table 1) and the ratio
of pulmonary to systemic flow (Qp:Qs) was calculated
by using flow volumes of standard two-dimensional
flow measurements in the aorta and pulmonary trunk.”

The study included two patients under 6 years of
age who were imaged in conscious sedation free-
breathing by intravenous administration of a bolus
of midazolam at a dose of 0.1-0.2 milligrams per
kilogram body weight followed by continuous
infusion of propofol of 2—4 milligrams per kilogram
body weight per hour.

Flow-sensitive four-dimensional velocity-encoded
magnetic resonance imaging

Acquisition:  Anisotropic four-dimensional segmented
k-space phase contrast gradient echo sequence with
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Table 2. Scan parameters of the flow-sensitive four-dimensional
velocity-encoded magnetic resonance imaging sequence.

4D

Field of view FH X AP X RL (mm) 173 X 190 X 79
Matrix size 100 X 128
Number of slices 32

Acquired voxel size (mm) 24X24X25
Reconstructed voxel size (mm) 1.5X1.5X25
TR (ms)/TE (ms) 3.7/2.3

Flip angle (°) 5

Cardiac gating Retrospective
Reconstructed cardiac phases 24

VENC FH X AP X RL (cm/s) 300 X 300 X 300
NSA 1

AP, anterior—posterior; FH, feet—head; NSA, number of signal
averages; RL, right—left; TE, echo time; TR, repetition time;
VENC, velocity encoding; 4D, four-dimensional

retrospective electrocardiographic gating was per-
formed without navigator gating of respiratory motion.
In all patients, flow velocities were measured in a
three-dimensional volume that covered the thorax from
the apex of the heart to the aortic arch in the feet-to-
head direction, the sternal border and spine in the
anterior-to-posterior direction, and the superior caval
vein and the main stem of the right and left pulmonary
arteries until further branching in the right-to-left
direction. Sequence parameters are shown in Table 2.

Post-processing: Four-dimensional flow parameters
were analysed with the software GTFlow (Release
1.3.3, Gyrotools, Zurich, Switzerland). Offline
evaluation of the flow-sensitive four-dimensional
velocity-encoded magnetic resonance imaging scans
was performed using the individual calculation of
three-dimensional streamlines inside the maldrain-
ing pulmonary veins, the superior and inferior caval
vein or vertical vein, and the interatrial commu-
nication, if present.

The flow in the maldraining veins and across the
interatrial communication was visualised and quantified
individually and indicated as a percentage of the overall
shunt volume by using the following formulas:

PAPVD percentage (%)
= flow via PAPVD (millilitre) : shunt
volume Sp (millilitre) x 100 and
IAS percentage (%)
= flow via IAS (millilitre) : shunt volume
Sp (millilitre) x 100
where “PAPVD percentage” is the fraction of the

maldraining pulmonary vessel flow of the overall
shunt volume, “TAS percentage” is the fraction of the
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Figure 1.
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ateral

Selective visualisation of streamlines and three-dimensional phase-contrast magnetic resonance angiography (without the use of contrast agent)
in a 9.9-year-old child (patient 2, Table 1) diagnosed with anomalous pulmonary venous drainage of the right upper pulmonary vein into
the superior caval vein and presence of an interatrial communication in different perspectives at ventricular systole: (a) anterior, (b) posterior,
(¢) cranial, and (d) lateral view. The streamlines of the different vessels are coloured variably: the red streamlines vepresent the flow of the
maldraining vight upper pulmonary vein (RUPV) entering the right atrium together with the blue streamlines of the superior caval vein
(SCV, @ and b). The green streamlines in the pulmonary trunk (PT), right and left pulmonary arteries (RPA and LPA) allow one to
distinguish clearly between peripheral pulmonary arteries (green) and veins (yellow and ved, c). The yellow streamlines of the anatomic
correctly draining right lower pulmonary vein (RLPV) merge with the red streamlines representing a left-to-right shunt across the interatrial
communication and thus functional maldrainage during ventricular systole (d).

interatrial flow of the overall shunt volume, “flow via
PAPVD” stands for the flow of the maldraining
pulmonary veins, and “flow via IAS” for the flow
across the interatrial septum. “Sp” is the pulmonary
shunt volume, calculated by subtracting the flow of
the ascending aorta Qs (millilitre) from the flow of
the pulmonary trunk Qp (millilitre).

Results

Standard magnetic resonance imaging

In all patients, echocardiographically suspected partial
anomalous pulmonary venous drainage was confirmed
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by standard magnetic resonance imaging and magnetic
resonance angiography. In total, ten maldraining
pulmonary veins were identified in six patients; multi-
ple maldraining pulmonary veins were found in three
patients and interatrial communications were present in
three patients. Another patient had an unusual com-
munication between the right upper pulmonary vein to
the SCV and the left atrium after surgical closure of an
atrial septal defect of unknown morphology.

Draining sites of the maldraining pulmonary
veins were the superior caval vein in five patients and
the vertical vein in one patient. The ratio of pulmonary
to systemic flow (Qp:Qs) varied between 1.4:1 and
4.7:1 (Table 1).
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Figure 2.

Posterior view of anatomy (a, volume vendering mode of contrast-enhanced angiography) and streamlines with three-dimensional phase-contrast
magnetic vesonance angiography in a 28-year-old patient (patient 5, Table 1) with complex bilateral partial anomalous pulmonary venous drainage
of multiple vessels. 'The left upper pulmonary vein (LUPV, red streamlines) drains via a vertical vein into the superior caval vein (SCV, blue
streamlines, b—d). The left lower pulmonary vein (LLPV, yellow streamlines, b—d), the right lower pulmonary vein (RLPV, orange streamlines,
b), and the main right upper pulmonary vein (RUPV, orange streamlines, b) drain vegularly into the left atrium. In addition, there is a star-shaped
vessel confluence cranial to the left atrium (asterisk, a, ¢, and d) with the drainage of two additional small right pulmonary veins (RPV, green
streamlines, ¢ and d). The flow in this confluence changes during the cardiac cycle, as visualised exclusively by the streamlines of flow-sensitive four-
dimensional cine magnetic resonance imaging: durving ventvicular systole, the main flow is directed to the left upper pulmonary vein, thus maldraining
to the right atrium (c). During ventricular diastole, these vessels drain to the left atrium together with the left lower pulmonary vein (d).

Flow-sensitive four-dimensional magnetic

resonance imaging

Visualisation. The findings of the standard
magnetic resonance imaging were confirmed, as
flow visualisation also showed drainage of pulmo-
nary veins into the superior caval vein (Fig 1) in five
patients and into the vertical vein (Fig 2) in one
patient. Additional, more precise information was
gained by selective visualisation of individual
pulmonary veins and arteries using flow-sensitive
four-dimensional  magnetic  resonance imaging
(Figs 1-3). It revealed, for example, the flow direc-
tion of additional right pulmonary veins into the
vertical vein and into the left lower pulmonary
vein with differing flow during ventricular systole
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and diastole in one patient (Fig 2c and d), where
magnetic resonance angiography had shown a supra-
atrial vessel formation without information of flow
directions and differences during the cardiac cycle
(Fig 2a).

In another patient, who had undergone surgery
abroad with closure of an atrial septal defect, two
maldraining right upper pulmonary veins and a mild
stenosis of the superior caval vein were diagnosed. In
this patient, one pulmonary vein drained into the
superior caval vein approximately five centimetres
cranially to the right atrium and another pulmonary
vein with partial drainage to the superior caval vein
close to the right atrium showed functional drainage
to both atria, with predominant drainage to the right
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Figure 3.

Streamlines and three-dimensional phase-contrast magnetic resonance angiography of a 42-year-old patient (patient 6, Table 1) with an
atypical communication between a maldraining right upper pulmonary vein to the SCV and the left atrium at ventricular systole (a and b)
and ventricular diastole (¢ and d) in anterior (a and c) and lateral view (b and d). Selective visualisation of streamlines represents the
flow of the maldraining right upper pulmonary vein (RUPV, red) to the superior caval vein (SCV, blue). The right pulmonary artery
(RPA, green) and its branches are clearly distinguished from veins (red) by flow-sensitive four-dimensional cine magnetic vesonance imaging
(a and b). The right lower pulmonary vein (RLPV, yellow) regularly drains to the left atrium. Note the differences of flow during the
cardiac cycle: at ventricular systole, streamlines of the right upper pulmonary vein (ved) and the superior caval vein (blue) merge with
drainage to the right atrium (RA, a and b). At ventricular diastole, the ved streamlines from the right upper pulmonary vein merge with the
yellow streamlines of the right lower pulmonary vein entering the left atrium (¢ and d), representing a left-to-right shunt across the
interatrial communication in the presence of a rvesidual or vecurring atrial septal defect and a mild stenosis of the superior caval vein after
surgery. Note the missing red streamlines to the right atvium during ventricular diastole in the lateral view (d).

atrium during ventricular systole and to the left
atrium during ventricular diastole (Fig 3).
Quantification. In addition to the flow visualisa-
tion, flow-sensitive four-dimensional magnetic
resonance imaging was used to quantify the flow
volume of each single maldraining pulmonary vein.
In six patients, blood flow of the maldraining
pulmonary veins accounted for a median of 41.3%
with a range from 30.2% to 99.3% (Table 1) of the
overall shunt volume. In one patient, an addi-
tional small maldraining right upper pulmonary
vein into the superior caval vein 56 millimetres
cranially to the right atrium was diagnosed during
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post-processing and could be visualised (Fig 4) and
quantified using flow-sensitive four-dimensional
magnetic resonance imaging and accounted for
9% of the overall shunt volume.

In patients with an interatrial communication,
the flow via the atrial septal defect could be assessed
and accounted for 59.3%, 63.6%, and 70.9% of the

shunt volume.

Discussion

This study shows that flow-sensitive four-dimensional
velocity-encoded magnetic resonance imaging facilitates
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anterior

Figure 4.

Anterior view with visualisation of the streamlines of an
additional maldraining right pulmonary wvein (purple) to the
cranial superior caval vein (SCV, blue) during ventricular diastole
in the same patient as presented in Figure 3. The red streamlines
Srom the rvight upper pulmonary vein (RUPV) merge with the
yellow streamlines of the right lower pulmonary vein (RLPV)
entering the left atrium (see Fig 3 for details).

and improves the accurate diagnosis of partial
anomalous pulmonary venous drainage due to its
ability to visualise and quantify blood flow
selectively in individual vessels in an acquired
three-dimensional volume.

Anatomy — visualisation

Diagnosing partial anomalous pulmonary venous
drainage using standard magnetic resonance imaging,
including magnetic resonance angiography, can be
challenging even for experienced investigators, espe-
cially when pulmonary arteries and veins are in a close
anatomical neighbourhood. Although the connec-
tion of the maldraining veins to the corresponding
structure, for example the superior caval vein, is
visible, the visualisation of the peripheral course of the
vessel, the flow direction, and the precise distinction
between pulmonary veins and arteries is more
demanding. In this study, it was shown that the
three-dimensional streamlines acquired by flow-sensi-
tive four-dimensional magnetic resonance imaging
elucidate the origin and the connection of the vessels
as well as the course of the blood flow from the
individual vessels (Figs 1-3). This flow information
helps to distinguish adjacent vessels and thus to
precisely diagnose maldraining pulmonary veins.
Hence, with this new technique, it is possible for
the first time to visualise the blood flow direction of
selective maldraining pulmonary veins, for example,
to the superior caval vein and into the right atrium
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(Fig 1), or, in case of a residual atrial septal defect,
to the left and right atria (Fig 3). Earlier, this
information was only suggested but not visualised.
Therefore, this new technique adds important novel
information.

Function — quantification

The quantification of blood flow from each maldrain-
ing pulmonary vein and across the interatrial
communication, if present, renders a more precise
diagnostic workup, which could affect the treatment
strategy, for example, in patients with multiple
maldraining pulmonary veins, which might be distant
to the atria and difficult to redirect surgically (Fig 4).

Blood flow quantification of each maldraining
vessel and across the interatrial septum could be
obtained by standard flow measurements as well, but
the examination time would be prolonged due to
planning scans for accurate plane acquisition, multi-
ple flow acquisitions, and possible repeat scans.

In the case of the patient with the unusual
anatomy of the supra-atrial vessel formation of addi-
tional small right pulmonary veins (Fig 2), sub-
stantial information on the pathophysiological flow
conditions was added which would not have been
possible without the new technique.

Acquisition and post-processing

After a single 10-15-minute lasting acquisition
scan, flow visualisation and quantification and thus
a detailed and accurate diagnosis of maldraining
pulmonary veins is possible. This post-processing
analysis is made offline without the patient being
inside the scanner. Furthermore, if supplemental
maldraining vessels exist, which are only diagnosed
during post-processing, offline flow analysis and
separate shunt quantification can still be carried out
without the need for additional examination. The
complete volumetric coverage of the areas of interest
allows retrospectively positioning analysis planes
and quantifying flow at any location within the
previously acquired three-dimensional volume.

Furthermore, in the case of significant heart rate
variabilities between standard aortic and pulmonary
flow measurements during an examination, shunt
calculations can be more error-prone than with the
new technique, where all flow information is
recorded at the same time.

Future prospects

The wuse of intravenous gadolinium-containing
contrast agent for magnetic resonance angiography
in children has been shown to be safe as far as
renal function is not impaired."” However, possible
long-term side effects cannot be ruled out yet. The use
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of flow-sensitive four-dimensional magnetic resonance
imaging for the diagnosis of partial anomalous
pulmonary venous drainage could shorten the exam-
ination time, and the need for intravenous application
of gadolinium-containing contrast agent could be
eliminated with further improvement of the spatial
resolution. On the basis of cine images, the anatomical
location of maldraining pulmonary veins can be
identified, and flow-sensitive four-dimensional mag-
netic resonance imaging can visualise the streamlines
and assist in flow volume calculations. Standard two-
dimensional flow measurements and magnetic reso-
nance angiography could become unnecessary and
examination time could be shortened.

Conclusions

The selective visualisation and flow quantification of
pulmonary veins by using flow-sensitive four-dimen-
sional velocity-encoded magnetic resonance imaging
adds clinical value by improving and facilitating the
accurate diagnosis of simple and complex cases of
partial anomalous pulmonary venous drainage.

In future, with further development of the techni-
que, it might replace contrast-enhanced magnetic
resonance angiography and standard flow measurements
in these patients.

Limitations

This is a single-centre study in a pre-selected group
of six patients with partial anomalous pulmonary
venous drainage. Additional research is needed in a
larger group of patients.

The acquired three-dimensional volumes do not
cover the whole thorax and the three-dimensional
streamlines of peripheral vessels are not yet imaged.
To achieve this goal, scan time with the present
available sequence would be unbearably long for the
patient inside the magnetic resonance scanner.

At present, anatomical images derived by flow-
sensitive  four-dimensional ~ magnetic  resonance
imaging are less defined than anatomical images
derived by standard cine magnetic resonance images.
The flow information, however, obtained by the flow
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streamlines, which refer to the vessel morphology and
anatomic course, is nearly comparable to the informa-
tion obtained by magnetic resonance angiography.
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