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Abstract

Objectives The objective of this study was to investigate the effect of location and number of anomalously connected pulmonary
veins and any associated atrial septal defect (ASD) on the magnitude of left-to-right shunting in patients with partial anomalous
pulmonary venous connection (PAPVC), and how that influences right ventricular volume loading.

Methods and results The cardiac magnetic resonance (CMR) and echocardiography examinations of 26 paediatric pa-
tients (mean age, 11.2 £ 5.1 years) with unrepaired PAPVC were analysed. Fourteen patients had right-sided, 11 left-
sided and 1 patient bilateral PAPVC. An ASD was present in 11 patients, of which none had a Qp/Qs < 1.5 and 8 had a
Qp/Qs> 2.0. No patient with isolated left upper PAPVC experienced a Qp/Qs > 2.0 compared to 9/12 patients with right
upper PAPVC. Qp/Qs correlated with indexed right ventricle (RV) end-diastolic volume (RVEDVi, r = 0.59, p = 0.002)
by CMR and with echocardiographic right ventricular end-diastolic dimension (RVED) z-score (» = 0.68, p = 0.003). A
RVEDVi >124 ml/m®> by CMR and a RVED z-score >2.2 by echocardiography identified patients with a Qp/Qs >1.5
with good sensitivity and specificity.

Conclusions An asymptomatic patient with a single anomalously connected left upper pulmonary vein and without an ASD is
unlikely to have a significant left-to-right shunt. On the other hand, right-sided PAPVC is frequently associated with a significant
left-to-right shunt, especially when an ASD is present.

Key Points

* Patients with PAPVC and ASD routinely have a significant left-to-right shunt.

* Patients with right PAPVC are likely to have a significant left-to-right shunt.

* Patients with left PAPVC are unlikely to have a significant left-to-right shunt.

* CMR is helpful in decision-making for patients with PAPVC.
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Abbreviations PC CMR  Phase contrast cardiac magnetic

ASD Atrial septal defect resonance imaging

CMR Cardiac magnetic resonance RMPV Right middle pulmonary vein

LPA Left branch pulmonary arteries RPA Right branch pulmonary arteries

LUPV Left upper pulmonary vein RUPV Right upper pulmonary vein

PAPVC  Partial anomalous pulmonary venous connection RV Right ventricle
RVED Right ventricular end-diastolic dimension
SvVC Superior vena cava

TPBF Total pulmonary blood flow
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Patients with this condition exhibit varying degrees of right
atrial and ventricular volume overload as a result of left-to-
right shunting at the pulmonary venous and, in many cases,
also the atrial level. Factors that influence the degree of left-to-
right shunting include the number of anomalously connected
pulmonary veins, the presence and size of any atrial septal
defect (ASD), and the compliance of the right ventricle (RV)
[3, 4]. The decision for surgical repair of PAPVC = ASD
depends on symptoms, shunt magnitude and degree of right
ventricular dilatation. A pulmonary (Qp) to systemic flow
(Qs) ratio (Qp/Qs) >1.5 is widely used as a criterion for the
operative repair of simple left-to-right shunt lesions, including
ASDs and PAPVC [5, 6].

Previous reports on the haemodynamics in patients with
PAPVC were based on cardiac catheterisation and included
assumptions about the relative contribution of each pulmonary
vein to the total pulmonary venous blood flow. These tech-
niques could not measure flow in the individual pulmonary
veins or determine the relative contribution of multiple levels
of left-to-right shunting to the total shunt. Knowing the
amount of lefi-to-right shunting that anomalous pulmonary
vein with or without an ASD produces impacts therapeutic
decision-making. For example, a patient with a minor left-
to-right shunt is treated conservatively, a patient with a
secundum type ASD and single vein PAPVC may be best
served with percutaneous closure of the ASD, while patients
with significant left-to-right shunting from PAPVC require
surgery [7, 8]. Today’s “gold standard” for flow quantification
is phase contrast cardiac magnetic resonance imaging (PC
CMR), allowing for flow assessments in each individual pul-
monary vein as well as across the atrial septum [9-12].

The objective of this study was to investigate the effect of
location and number of anomalously connected pulmonary veins
and any associated ASD on the magnitude of left-to-right
shunting in patients with PAPVC, and to determine the effect
of left-to-right shunting on right ventricular volume loading.

Methods

Ethics, consent and permission: approval was granted by our
institutional research ethics board (protocol number
1000016804) and the need for consent was waived for this
retrospective study.

We performed a retrospective analysis of all CMR studies
obtained on patients with unrepaired PAPVC between January
2003 and January 2010. Patients with Scimitar syndrome or
congenital heart disease other than PAPVC or atrial commu-
nications were excluded. All CMR studies were obtained on
one of two magnets: prior to 2007, a 1.5-T Signa CV/I system
(GE Medical Systems, Little Chalfont, UK) was used.
Thereafter, the examinations were performed on a 1.5-T
Avanto magnet (Siemens Healthineers, Erlangen, Germany).

The standard clinical CMR protocol at our hospital includes
cine imaging in short axis for ventricular volumetry and
phase-contrast velocity mapping of the ascending and de-
scending aorta, superior and inferior caval veins, right (RPA)
and left branch pulmonary arteries (LPA) and of the individual
pulmonary veins, including the anomalously connected
vein(s). Following the principle of flow conservation, net
flows were measured throughout. The acquisition parameters
of these standard imaging tools are reported elsewhere [12,
13]. Commercially available software (QFlow, version 5.1
and QMass version 7.1; MEDIS Medical Imaging Systems,
Leiden, The Netherlands) was used for quantification of flow
and ventricular volumes. The analysis was performed accord-
ing to a standardised post processing algorithm, using uniform
settings. When the anomalous pulmonary venous flow rate
could not be directly measured because of complex pulmo-
nary venous anatomy it was calculated by subtracting the flow
volume in the normally draining pulmonary vein(s) on the
same side from the ipsilateral arterial flow volume. In patients
with an ASD, the left-to-right shunt across the ASD [Q(ASD)]
[14] was calculated by subtracting the flow in the anomalously
connecting pulmonary vein(s) from the total left-to-right shunt
(Qp minus Qs, below). The pulmonary to systemic flow ratio
(Qp/Qs) was calculated by dividing the total pulmonary arte-
rial flow (Qp) by the systemic blood flow (Qs). The systemic
blood flow was determined by measuring the flow in the as-
cending aorta.
In summary, the following equations were used:

Qp = sum of RPA and LPA flows (1)

Qs = ascending aorta flow (2)

Q(anomalously connected pulmonary vein)
= ipsilateral pulmonary artery flow— (3)

[flow in normally connected pulmonary vein(s)]

Q(ASD) = Qp—Qs—[Q(anomalously connected pulmonary vein)]
(4)

In normal anatomy, but particularly in PAPVC, there is
considerable variability in the anatomy of the connection of
the pulmonary veins to the left atrium, particularly on the right
side. In cases with right-sided PAPVC, the right upper
(RUPV) and right middle pulmonary vein (RMPV) often con-
nect in a complex fashion to the superior vena cava (SVC) or
right atrium (RA) (Fig. 1). Consequently, it is often difficult to
determine whether there is a separate RMPV [15, 16]. For the
purpose of this study, flow in an anomalously draining RMPV
(if present) was added to the RUPV flow. Right ventricular
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Fig. 1 Anomalous connection of the left and right upper pulmonary
veins. Volume-rendered reconstructions of contrast-enhanced three-
dimensional magnetic resonance data sets in a an 8-year-old girl with
anomalous connection of the left upper pulmonary vein to the
innominate vein and b in a 9-year-old boy with anomalous connection

end-diastolic dimensions (RVEDd) were retrieved from the
echocardiogram closest to CMR and converted to z-scores.
The echocardiogram performed closest to the date of the
CMR, before surgical correction but within 12 months of the
CMR, was reviewed. As per our institution’s clinical protocol,
chamber diameters were measured according to established
guidelines and were standardised to the body surface area as
z-scores on the basis of published normative data [17-20].

Statistical analysis

Demographics and biological results are presented as mean +
SD. Parametric unpaired two-tailed Student #-tests using
Microsoft Excel 2003 with SSC-Stat 2.12 add-on software
package (Statistical Services Centre, University of Reading,
Reading, UK) were used to compare results between different
patient groups. Linear regression was performed to assess for
associations between variables. Results with a p value <0.05
were considered significant.

Results

Twenty-eight patients with PAPVC had undergone a CMR
during the reviewed time period. Two patients were excluded,
one for significant additional congenital heart disease
(Shone’s complex), and another due to Scimitar syndrome.
In the remaining 26 patients, PAPVC was newly diagnosed
or a suspected diagnosis confirmed by CMR in 9 patients
(34.6%). The other 17 patients had a known diagnosis of
PAPVC and were referred for assessment of Qp/Qs and right
ventricular volumes. The demographic information is
summarised in Table 1. The anomalous pulmonary blood flow
volume had been measured directly in 11 patients (42.3%). It
had been calculated in nine patients (branch pulmonary
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of the right upper pulmonary vein to the right superior vena cava. The
right lower and the left pulmonary veins drain normally (ao aorta, a.v.
azygos vein, i.v. innominate vein, RPA right pulmonary artery, RUPV
right upper pulmonary vein, SVC superior vena cava)

arterial flow minus ipsilateral regularly draining veins) and
had not been obtained in five patients; in one patient with total
anomalous right-sided pulmonary venous connection the right
upper vein was stenotic, precluding accurate flow measure-
ment. Eighteen patients (69.2%) had echocardiograms suit-
able for analysis, with a duration between echocardiography
and the CMRI of 4.7 + 3.0 months (0—10 months). The re-
maining eight did not have an echocardiogram within 12
months of the CMRI.

Fourteen patients (53.8%) had right-sided PAPVC and 11
(42.3%) had left-sided PAPVC. One patient had bilateral
PAPVC with the RUPV, RMPV and the left upper pulmonary
vein (LUPV) draining anomalously to the SVC. There were two
(non-Scimitar) patients in whom all the right pulmonary veins
drained anomalously, including the patient with bilateral PAPVC
mentioned above. An ASD was found in 11 patients (42.3%), of
which 9 (81.8%) had an anomalously connected RUPV (%
RMPV), and 2 (18.2%) had an anomalously connected LUPV
(connected to the innominate vein). The ASD in patients with
right-sided PAPVC was of the sinus venosus type while the two
patients with left-sided PAPVC had a secundum ASD.

Haemodynamic results are shown in Table 1, including a
comparison between patients with and without an atrial com-
munication. Out of 11 patients with an ASD none had a Qp/Qs
< 1.8, and eight (72.7%) had a Qp/Qs >2.0. Of the 15 patients
without an atrial communication, five (33.3%) had a Qp/Qs >
1.5 and only 1 had a Qp/Qs > 2.0 (2.9). There were no readily
apparent features that explained the higher Qp/Qs in this pa-
tient. In patients with an atrial communication, the mean cal-
culated left-to-right shunt due to the ASD alone (total shunt
minus PAPVC shunt, Eq 4) was 2.34 + 1.55 /min/m? (0.40—
5.07), corresponding to 51.2 + 19.8% (21.1-79.0) of the total
shunt. In this subgroup without ASD, patients with PAPVC of
the RUPV showed trends towards a higher Qp/Qs (1.90 +0.38
vs 1.47 +0.24) and larger RVEDVi (171 + 65 ml/m? vs 124 +
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Table 1  Demographics, comparison between partial anomalous venous connection with and without an atrial communication
All patients Isolated PAPVC PAPVC + ASD P
Mean + SD (Range) Mean + SD Mean = SD
(n=26) (Range) (Range)

(n=15) (n=11)

Age (years) 11.2+£52 11.4+£49 10.5+5.7 NS
(1.8-17.8) (3.1-17.7) (1.8-17.0)

Male:female 16:10 9:6 7:4 NS

BSA (m?) 1.28 +£0.45 1.38 £ 045 1.18 £0.48 NS
(0.49-1.90) (0.59-1.86) (0.49-1.90)

Echocardiography derived measurements

RVEDd z-score 35+1.5 27+12 44+12 0.006
(0.3-6.7) (0.3-4.5) (3.3-6.7)

Cardiac MRI derived measurements

Qp/Qs 2.05+0.71 1.68 +0.48 2.49+0.76 0.004
(1.22-4.28) (1.2-2.9) (1.64.3)

RVEDVi (ml/m?) 149 +37 142 + 46 151 £28 NS
(93-245) (93-245) (123-207)

LVEDVi (ml/m?) 76 +21 87 + 25 66+ 10 0.01
(49-140) (44-140) (49-82)

LVSVi (ml/m?) 44+13 50+ 13 40+38 NS
(30-52) (31-79) (30-52)

Anomalously draining PBF (/min/m?) 223+1.26 230+1.42 1.84+£0.73 NS
(0.83-5.07) (0.83-5.07) (0.97-3.31)

Anomalously draining PBF of ipsilateral PBF (%) 59.5+21.2 66.9 £21.1 46.6 +12.8 0.02
(24.1-100.0) n = 20 (37.6-100.0) (24.1-65.2)

Anomalously draining PBF of total PBF (%) 31.0+ 125 34.0+13.2 24.7+7.1 NS
(13.5-59.9) n =20 (14.8-59.9) (13.5-34.2)

RPA flow of total PBF (%) 57.3£4.5(47.6-85.1) 56.7+53 55.6+3.8 NS

(50.0-70.0) (48.0-63.0)

ASD atrial septal defect, BSA body surface area; LVEDV left ventricular end diastolic volume, indexed to body surface area; LVSVi left ventricular stroke
volume, indexed to body surface area; PAPVC partial anomalous pulmonary venous connection, PBF pulmonary blood flow, Op pulmonary blood flow
(sum of left and right pulmonary artery flows), Os systemic blood flow (sum of superior vena cava and descending aortic flows), RVEDd right ventricular
end diastolic diameter, RPA right pulmonary artery; RVEDVi right ventricular end diastolic volume, indexed to body surface area

32 ml/m?) compared towards PAPVC or the LUPV. The
highest Qp/Qs in patients with isolated PAPVC of either the
RUPV or the LUPV were 2.34 and 1.90, respectively. These
differences were not significant, possibly because of the small
group of only three patients with anomalous RUPV who did
not have an atrial level shunt. Table 2 compares patients with
PAPVC of the RUPV to those with PAPVC of the LUPV,
irrespective of the presence of an ASD. Patients with
PAPVC of the RUPV had a greater Qp/Qs (2.48 + 0.73 vs
1.51 +£0.23, p = 0.0004), larger RVEDVi (160 + 37 ml/m?* vs
124 + 28 ml/m?, p =0.009) and smaller LVEDVi (68 + 18 ml/
m? vs 88 + 22 ml/m>, p = 0.008). However, they were also
more likely to have an associated atrial communication (p =
0.01). No patient with PAPVC of the LUPV had a Qp/Qs >
2.0, and 5 (45.5%) had a Qp/Qs > 1.5. Of the patients with an
anomalous RUPV (xRMPV), all had a Qp/Qs > 1.5 and nine
(75.0%) had a Qp/Qs > 2.0.

Qp/Qs correlated with indexed right ventricular end-diastolic
volume (RVEDVi, r = 0.59, p = 0.002, Fig. 2). A RVEDVi of
124 ml/m? separated patients with a Qp/Qs >1.5 from those with
a Qp/Qs <1.5 with an area under the receiver operating

characteristic (ROC) curve of 0.84 (95% ClI, 0.66-1.0; sensitivity,
88%; specificity, 67%; Fig. 3). RVEDd z-score by echocardiog-
raphy correlated with RVEDVi by CMR (r = 0.72, p = 0.002,
Fig. 4). Qp/Qs correlated with the RV end-diastolic dimension
(RVED) z-score by echocardiography (r = 0.68, p = 0.003).
Right ventricular ED z-score of 2.2 predicted a Qp/Qs > 1.5 with
an area under the ROC curve was 0f 0.96 (95% CI, 0.87-1.0; Fig.
3), a sensitivity of 100% and a specificity of 75%.

Qp/Qs correlated inversely with indexed left ventricular
end-diastolic volume (LVEDVi, r = -0.50, p = 0.01).
Patients with a Qp/Qs >1.5 had a lower stroke volume index
(42 £ 13 ml/m® vs 51 = 12 ml/m?, p = 0.06).

In patients with PAPVC of the RUPV (excluding the two
patients with PAPVC or the RUPV and the RLPV), but with-
out an atrial communication, the Qp/Qs and RVEDVi ranged
from 1.64 to 2.34 and from 126 to 245 ml/m?, respectively. In
LUPV PAPVC the Qp/Qs and RVEDVi ranges were 1.22-
1.90 and 93-188 ml/m?, respectively.

In order to test whether an anomalous connection changed
the amount of blood flow to the lung with the anomalous
drainage, the perfusion of each lung was expressed as a
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Table 2 Comparison of patients

with an anomalously connecting LUPV RUPV (:RMPV) P
left upper pulmonary vein and mean + SD mean + SD
thosg with anomalous dght upper (range) (range)
(+middle) pulmonary vein
connection® (including patients (n=11) (n=12)
with an atrial communication)
ASD present 2 9 0.01
Age (years) 114 +4.1 10.5+6.42 NS
(5.1-17.7) (1.8-17.7)
BSA (m?) 1.39+£0.40 1.18£0.53 NS
(0.65-1.86) (0.49-1.90)
Echocardiography derived measurements
RVEDd z-score 23+1.1 43+1.1 0.001
(0.3-3.5) (3.3-6.7)
Cardiac MRI derived measurements
Qp/Qs 1.51+£0.23 2.48 +£0.73 0.0004
(1.20-1.90) (1.60-4.30)
RVEDVi (ml/m?) 124 +28 160 + 37 0.009
(93-188) (126-245)
LVEDVi (ml/m?) 88 +£22 68 =18 0.008
(65-140) (49-120)
Anomalously draining PBF (I/min/m?) 1.67 +£0.92 2.16 £ 0.86 NS
(0.83-3.41) (1.21-3.70)
Anomalously draining PBF of ipsilateral PBF (%) 61.9 £20.1 48.0£12.6 NS
(37.6-91.4) (24.1-63.8)
Anomalously draining PBF of total PBF (%) 282+9.2 27.7+9.7 NS
(14.8-40.0) (13.5-45.0)
RPA flow of total PBF (%) 54.6 £4.1 57.3+4.9 NS
(48.0-61.0) (52.0-70.0)

ASD atrial septal defect, BSA body surface area, LVEDVi left ventricular end diastolic volume, indexed to body
surface area, PBF pulmonary blood flow, Op pulmonary blood flow (sum of left and right pulmonary artery
flows), Os systemic blood flow (sum of superior vena cava and descending aortic flows), RPA right pulmonary
artery; RVEDVi right ventricular end diastolic volume, indexed to body surface area, RVEDd right ventricular end
diastolic diameter

#Two patients with anomalous connection of all right-sided pulmonary veins and one patient with bilateral
anomalous connections were excluded from this comparison

1007
300- 801
_ . 2. 601
& =
£ 200- =
E 2 40
s "
a 20-
i 100+ — RVEDVi, A=0.84
+ RVEDd z-score, A=0.96
0 . . . . .
0 20 40 60 80 100
0 ; . . ; . o/ _ S
0 1 > 3 2 5 100% - Specificity%

Qo: Fig. 3 Prediction of a significant left-to-right shunt (Qp/Qs of 1.5 or
p:Qs greater) by right ventricular volume and diameter. ROC curves for right
Fig. 2 Right ventricular volume overload as a result of a left-to-right ventricular end-diastolic volume by CMR, indexed to body surface areca
shunt. Right ventricular end-diastolic volume, indexed to body surface (RVEDVi) and right ventricular end-diastolic dimension z-scores (RVEDd
area (RVEDV), versus pulmonary to systemic blood flow ratio (Op/QOs) z-score) by echocardiography
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Fig. 4 Agreement of right ventricular volume by CMR and diameter by
echocardiography. Right ventricular end-diastolic volume by cardiac
magnetic resonance, indexed to body surface area (RVEDVi) plotted
against right ventricular end-diastolic dimension z-scores (RVEDd z-
score) by echocardiography

percentage of the total pulmonary blood flow (TPBF) and
compared to previously published data by our group in
healthy adult volunteers [12]. In patients with anomalous con-
nection of the LUPV (with or without an ASD), the relative
blood flow to the left lung was 44.9 + 3.6% (39.3-50.0%) of
TPBF, compared to 46.6 + 2.3% (42.4-49.5%) of TPBF in
controls (p = 0.32). In patients with RUPV +£ RMPV PAPVC,
the measured right lung blood flow was 57.4 + 5.1% (51.6—
70.5%) of TPBF, versus 53.4 +2.3% (50.5-57.6%) in controls
(p =0.02).

Discussion

Although generally regarded as a relatively benign lesion, the
natural history of PAPVC is not favourable in all cases.
Anecdotal case reports of patients developing pulmonary vascular
disease in the affected lung lobe in the presence of only one
anomalously draining pulmonary vein document the potential risk
of pulmonary hypertension in these patients [21, 22]. The goal of
surgical correction of PAPVC is to alleviate complications asso-
ciated with chronic right heart volume overload, including heart
failure and atrial arrhythmias, and to prevent irreversible pulmo-
nary vascular changes [3, 4, 23]. On the other hand, rerouting of
the pulmonary veins carries the risk of postoperative pulmonary
vein stenosis, sinus node dysfunction and atrial arrhythmias so
that unnecessary surgery must be avoided [24-28].

In a symptomatic patient with PAPVC the decision to op-
erate is usually straightforward, but difficulty arises when this
lesion is diagnosed in asymptomatic patients. Current diag-
nostic tools like echocardiography and CMR, which are per-
formed for reasons other than a possible atrial level shunt,

occasionally identify patients with PAPVC which would pre-
viously have gone undiagnosed.

With this scenario of surgical decision-making in mind, the
main findings of our paper are:

1. An asymptomatic patient with isolated anomalous connec-
tion of the LUPV without an ASD is unlikely to have a
significant left-to-right shunt, and typically does not require
surgery on the basis of Qp/Qs and RV volume load.

2. On the other hand, the combination of right-sided PAPVC
with ASD is routinely associated with a significant left-to-
right shunt.

3. Even an isolated anomalously draining RUPV in the ab-
sence of an ASD can lead to a significant left-to-right
shunt.

4. RVED z-score by echocardiography is helpful in identi-
fying patients with a significant Qp/Qs on the basis of RV
enlargement.

Much of what is known about haemodynamics in PAPVC
is based on a study by Alpert et al. [7] in a series of 21 patients
with isolated PAPVC between 14 and 53 years of age. Using
invasive oximetry as well as indicator dilution techniques and
incorporating previously published estimates of flow distribu-
tion among the lung lobes by Bryan and co-workers [14], they
postulated that the flow to the lung with the anomalously
connected vein(s) is higher than in individuals with normally
connected pulmonary veins. The present study, using CMR
measurements, confirms Alpert et al.’s findings, at least on the
right [7]. They hypothesised that the anomalously connecting
veins carry more blood flow than normal because they drain
into a lower pressure system: the mean right atrial pressure is
lower than on the left, resulting in a greater pressure gradient
across the anomalously draining lung segments and, presum-
ably, preferential pulmonary blood flow to these segments.

Right-sided, but not left-sided, PAPVC led to an increase in
flow to the ipsilateral lung, at least when an ASD was present
[34, 35]. This is in keeping with a historical study by Dollery
and colleagues [36], who found mildly, but significantly, in-
creased right-sided pulmonary blood flow in patients with
ASDs. The explanation that has been offered for this phenom-
enon is that in secundum type ASDs the RUPV streams across
the atrial communication into the lower pressure right atrium,
while the left-sided pulmonary veins stream to the left atrium,
even in the presence of an ASD.

In patients with an ASD and / or PAPVC a significant left-
to-right shunt often, although not without debate, defined as a
Qp/Qs > 1.5, and represents one of the criteria for intervention
[6, 29]. Previously, cardiac catheterisation was required to
determine the magnitude of a left-to-right shunt [30]. CMR-
derived shunt quantification has been shown to correlate very
closely with invasive oximetry in a number of shunt lesions
[31]. Specifically, Festa et al. [32] compared the Qp/Qs
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obtained during cardiac catheterisation and CMR in patients
with PAPVC and found excellent agreement, concluding that
diagnostic cardiac catheterisation is not routinely required in
this condition. We previously demonstrated that flow mea-
surements in the pulmonary veins, using phase contrast veloc-
ity mapping CMR, are accurate and can be used to quantify
complex extra-cardiac left-to-right shunts [11, 12, 33]. CMR,
contrary to invasive oximetry, allows to differentiate between
the left-to-right shunt via the anomalously connected pulmo-
nary vein(s) and an ASD, if present. Clinically, we previous-
ly encountered a case of PAPVC of the LUPV and secundum
type ASD. The differential shunt calculation led to a decision
to close the ASD percutaneously and to not intervene on the
anomalous vein. Our results indicate patients with isolated
PAPVC of the LUPV are unlikely to have a significant left-
to-right shunt: no patient with an anomalous LUPV had a Qp/
Qs > 2.0, so that surgery (and, likely, CMR) can often be
avoided in this group, although larger studies are necessary
to confirm this early finding. In contrast, patients with PAPVC
of the RUPV may develop an important left-to-right shunt.
The reason for the smaller left-to-right shunt in left-sided ver-
sus right-sided PAPVC is likely related to a larger volume of
lung drained by the RUPV (= RMPV) than by the LUPV: the
territory drained by the RUPV (and RMPYV if present), grossly
corresponding to the upper and middle lobes, is larger than
that drained by the LUPYV, i.e. approximately the left upper
lobe including the lingula segment. This size discrepancy is
mostly due to volume in the left hemithorax that is occupied
by the heart. Another, probably less important explanation for
lower Qp/Qs in left compared to right-sided PAPVC is that an
anomalously draining left pulmonary vein typically drains in-
to the on the innominate vein, remote from the RA. This may
result in a slightly lower transpulmonary gradient in left-sided
PAPVC, perhaps limiting flow through the anomalous vein.
When an atrial communication is present, most often in the
form of a sinus venosus ASD, associated with PAPVC of the
RUPYV, the shunt is nearly always significant.

Although RV dilatation is the result of a significant left-to-
right shunt, the association between either RVEDVi by CMR or
RVED z-score by echocardiography and Qp/Qs was loose.
There must, therefore, be other factors precipitating RV dilata-
tion in certain patients, including RV compliance and perhaps
interactions between the RV and LV. Interestingly, Qp/Qs was
inversely correlated with the LVED Vi, presumably due to com-
pression by the volume loaded RV and, possibly, underfilling,
similar to what is routinely observed in patients with total
anomalous pulmonary venous connection. In 1975,
Laurenceau et al. [38] found a strong correlation between
indexed RV diameter and Qp/Qs. Prior to the widespread avail-
ability of CMR, echocardiographic measurements of RV and
right atrial size predicted a Qp/Qs > 1.5 with 96% sensitivity
and 94% specificity [37]. Interestingly, the ability of echocar-
diographic RVED z-score to predict a Qp/Qs > 1.5 exceeded
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that of RVEDVi by CMR. This observation is counterintuitive
and needs to be tested in larger studies. If confirmed it suggests
that the RV diameter at the base is more reflective of the degree
of volume loading through a supraventricular shunt than a
three-dimensional assessment by CMR that also takes into ac-
count other regions of the RV which may not be affected to
similar degrees by the volume-loading. Based on our findings,
RVED z-scores may be a suitable screening tool for RV en-
largement, despite an only modest correlation with RVEDVi
by CMR, similar to previous reports [19, 39, 40].

Limitations

Some, but not all, patients had a separate RMPV. Typically, an
RMPV, when present, connects close to the mouth of the
RUPV: at the level of the SVC/right atrial junction if anoma-
lous and to the high left atrium when if normally connected.
Therefore, and to overcome the challenge during analysis
from this anatomical variability, we regarded a separately
connecting RMPV as a branch of the RUPV. A further limita-
tion was the small sample size, which may have obscured
additional associations or differences. There was likely a re-
ferral bias in this retrospectively studied cohort as it depended
on the managing physician to decide if a CMR was indicated.
However, since the objective of this study was not to deter-
mine prevalence and incidence, the impact of this referral bias
is thought to be limited.

Conclusions

Patients with isolated PAPVC of the LUPV are unlikely to
have a surgically important left-to-right shunt, especially in
the presence of normal RV dimensions by echocardiography.
These patients do not benefit from routine haemodynamic
assessment by CMR. Patients with PAPVC of the RUPV
and ASD usually have a significant left-to-right shunt and
the surgical indication can typically be made on the basis of
echocardiography and/or symptoms. These patients also ben-
efit little from routine CMR, except for the delineation of
anatomy. In borderline candidates for surgical repair of
PAPVC, especially in cases with isolated PAPVC of the
RUPYV, the combination of an accurate assessment of the pul-
monary venous anatomy, quantification of Qp/Qs and of right
ventricular dilatation makes cardiac CMR a well-suited non-
invasive tool to aid decision-making.
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