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Abstract: Purpose: To evaluate extravascular findings on thoracic MDCT angiography in secondary
pulmonary vein stenosis (PVS) due to total anomalous pulmonary venous connection (TAPVC)
repair in children. Materials and Methods: All patients aged ≤18 years with a known diagnosis
of secondary PVS after TAPVC repair, confirmed by echocardiography, conventional angiography,
and/or surgery, who underwent thoracic MDCT angiography studies between July 2008 and April
2021 were included. Two pediatric radiologists independently examined MDCT angiography studies
for the presence of extravascular thoracic abnormalities in the lung, pleura, and mediastinum. The
location and distribution of each abnormality (in relation to the location of PVS) were also evaluated.
Interobserver agreement between the two independent pediatric radiology reviewers was studied
using kappa statistics. Results: The study group consisted of 20 consecutive pediatric patients
(17 males, 3 females) with secondary PVS due to TAPVC repair. Age ranged from 2 months to
8 years (mean, 16.1 months). In children with secondary PVS due to TAPVC repair, the characteristic
extravascular thoracic MDCT angiography findings were ground-glass opacity (19/20; 95%), septal
thickening (7/20; 35%), pleural thickening (17/20; 85%), and a poorly defined, mildly heterogeneously
enhancing, non-calcified soft tissue mass (17/20; 85%) which followed the contours of affected
pulmonary veins outside the lung. There was excellent interobserver kappa agreement between two
independent reviewers for detecting extravascular abnormalities on thoracic MDCT angiography
studies (k = 0.99). Conclusion: Our study characterizes the extravascular thoracic MDCT angiography
findings in secondary pediatric PVS due to TAPVC repair. In the lungs and pleura, ground-glass
opacity, interlobular septal thickening, and pleural thickening are common findings. Importantly, the
presence of a mildly heterogeneously enhancing, non-calcified mediastinal soft tissue mass in the
distribution of the PVS is a novel characteristic thoracic MDCT angiography finding seen in pediatric
secondary PVS due to TAPVC repair.

Keywords: secondary pulmonary vein stenosis; total anomalous pulmonary venous connection
(TAPVC); multidetector computed tomography (MDCT) angiography; mediastinal disease; children;
pediatric patients

1. Introduction

Pulmonary vein stenosis (PVS) is caused by a decrease in luminal caliber of one or
more of the extra-pulmonary veins. PVS is mainly classified into two types: primary
and secondary [1,2]. While primary PVS occurs in the absence of previous intervention,
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secondary PVS is known to develop following total anomalous pulmonary venous con-
nection (TAPVC) repair with an incidence of 11–17% [1–6]. Affected pediatric patients
typically present with non-specific signs and symptoms, such as shortness of breath, failure
to thrive, hypoxemia, pulmonary hypertension (HTN), and fatigue [1–6]. Mainly due to
its rarity and non-specific clinical presentation, PVS diagnosis is often missed or delayed,
resulting in suboptimal patient care. Unfortunately, delayed diagnosis of PVS is associated
with increased morbidity and mortality [3–10]. Consequently, imaging studies, which can
visualize the narrowed pulmonary veins associated with PVS as well as the extravascular
findings of PVS, are critical for early and accurate diagnosis [11–14].

Although echocardiography and conventional angiography have been the gold stan-
dard for the imaging evaluation of PVS, both of these modalities have limitations and
disadvantages in the pediatric population [11–14]. Specifically, the image quality of echocar-
diography depends on the availability of an optimal acoustic window for sonographic
visualization of the pulmonary veins, operator skill, and patient cooperation. Conventional
angiography is unfortunately an invasive procedure with associated risks, including risk
of vascular injury related to direct vascular access and complications related to sedation.
Consequently, there is a need for alternative and non-invasive imaging modalities, such as
multidetector computed tomography (MDCT), that can aid in accurate diagnosis of PVS as
well as provide comprehensive, cross-sectional anatomic characterization of both the vas-
cular and extravascular thoracic structures (e.g., lungs, pleura, and mediastinum) [11–14].

Although in the past, the focus of thoracic MDCT angiography evaluation of PVS
has been the detection of pulmonary vein narrowing, the extravascular imaging findings
of PVS are useful for suggesting the diagnosis of PVS [12–14]. Specifically, a recently
published study aimed at investigating the extravascular thoracic MDCT angiography
findings of primary pediatric PVS (without underlying cardiovascular anomalies) showed
the novel finding of a mildly heterogeneously enhancing, non-calcified soft tissue mass
in the distribution of PVS, which has been speculated to reflect myofibroblast-like soft
tissue proliferation [14]. However, to our knowledge, there have been no prior studies
specifically focused on the extravascular imaging findings of secondary PVS using thoracic
MDCT angiography. Therefore, the purpose of this study is to investigate the extravascular
thoracic MDCT angiography findings of secondary pediatric PVS due to TAPVC repair,
which is one of most frequent causes of secondary PVS in the pediatric population.

2. Methods
2.1. Institutional Review Board Approval

The Institutional Review Board at Boston Children’s Hospital approved this retro-
spective study. Due to the nature of this study, limited to retrospective medical/radiologic
record review, informed consent was waived.

2.2. Study Cohort

A computerized search of our hospital’s radiology, cardiology, and pathology de-
partmental databases was performed in order to identify consecutive pediatric patients
(≤18 years) with a diagnosis of secondary PVS due to TAPVC repair, confirmed by echocar-
diogram, conventional angiography, and/or surgery who underwent thoracic MDCT
angiography studies between July 2008 and April 2021.

Twenty diagnostic-quality thoracic MDCT angiography studies from 20 individual
pediatric patients with secondary PVS due to TAPVC repair constituted the final study
population. All 20 pediatric patients included in the study group had only isolated TAPVC
and subsequent surgical repair, without history of other congenital heart disease or other
medical comorbidities including primary lung disease. For each patient, only the initial
thoracic MDCT angiography study performed at the time of diagnosis of secondary PVS
after TAPVC repair was included. The mean time interval between the date of secondary
PVS diagnosis and thoracic MDCT angiography study was 6.4 months (SD: 10.5; range:
0 day to 42 months).
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2.3. Patient’s Clinical Information

Each patient’s demographic information including age, gender, and underlying car-
diac anomalies was collected.

2.4. Pulmonary Vein Stenosis Diagnostic Criteria

Diagnosis of PVS in pediatric patients was based on previously accepted criteria,
which included pulmonary vein luminal narrowing in 2 or more vessels with a mean
gradient of at least 4 mm Hg by echocardiography or conventional angiography [14,15].
Among the 20 patients in the study group, PVS was diagnosed based on echocardiography
alone in 9 patients (45%), conventional angiography alone in 5 patients (25%), and both
echocardiography and conventional angiography in 5 patients (25%). In the remaining
1 patient (5%), the diagnosis of PVS was made at surgery.

2.5. Thoracic MDCT Angiography Technique
2.5.1. MDCT Scanner Types

All 20 thoracic MDCT angiography studies included in this study were obtained using
one of following MDCT scanners: (1) a 16-MDCT scanner (n = 2; 5%); (2) a 64-MDCT
scanner (n = 14; 70%); (3) a 96-MDCT scanner (n = 3; 15%); (4) a 128-MDCT scanner (n = 1;
5%); and (5) a 256-MDCT scanner (n = 1; 5%).

2.5.2. Thoracic MDCT Parameters

All 20 thoracic MDCT angiography studies (100%) were obtained with intravenous (IV)
contrast with a contrast dose of 1.5–2 mL/kg following institutional guidelines at the time of
this study. Low-radiation-dose thoracic MDCT angiography parameters, including weight-
based kilovoltage, low-dose tube current, and a high-speed mode (rotation time ≤ 1 s),
were used for all 20 studies. When optimal contrast enhancement (>200 Hounsfield Unit
(HU)) in the left atrium was reached on a monitoring scan, MDCT angiography from
the thoracic inlet level to the diaphragm level was scanned, progressing from a cranial
to caudal.

2.6. Thoracic MDCT Angiography Image Reconstruction and Review
2.6.1. Thoracic MDCT Angiography Image Reconstruction

After obtaining the initial thoracic MDCT image dataset, thin section (submillimeter)
and 2.0–2.5 mm slice thickness axial CT images were reconstructed for reviewing. In
addition, two-dimensional (2D) multiplanar (e.g., coronal and sagittal) reformatted CT
images were also created from the initial datasets with submillimeter slice thickness.
All axial and 2D multiplanar CT images were generated in both standard lung (level,
−500 Hounsfield units (HU); width, 1500 HU) and soft tissue (level, 40 HU; width, 450 HU)
window settings.

2.6.2. Thoracic MDCT Angiography Image Review Preparation

Prior to reviewing the thoracic MDCT angiography images, the following steps were
taken to minimize potential reviewer bias: (1) all patient identifiers were removed from
images; (2) thoracic MDCT angiography studies were randomized before reviewing; and
(3) reviewers were blinded to all other clinical and imaging study information.

2.6.3. Thoracic MDCT Angiography Image Review

Two board-certified pediatric radiologists (with 5 and 11 years of experience in pedi-
atric thoracic MDCT angiography studies) worked independently to systematically review
all thoracic MDCT angiography studies. A PACS (picture archiving and communication
system) (Synapse, Fujifilm Medical Systems, Stamford, CT, USA) was used for MDCT
image review. For disagreed cases between these two initial reviewers, a third radiologist,
a board-certified pediatric thoracic radiologist with 20 years of experience interpreting



Children 2021, 8, 726 4 of 13

pediatric thoracic MDCT angiography studies served as a tie-breaker, without knowledge
of the initial reviewers’ discordant interpretations.

2.7. Thoracic MDCT Angiography Image Assessment

On thoracic MDCT angiography studies, three main anatomic compartments (lung
and airway, pleura, and mediastinum) were evaluated based on previously established
criteria, as described in the following subsections [14,16,17].

2.7.1. Lung and Airway Evaluation

The lung and airway were systematically evaluated for the presence of: (1) ground-
glass opacity (GGO); (2) consolidation; (3) nodule; (4) mass; (5) cyst, (6) interlobular septal
thickening; (7) fibrosis; and (8) bronchiectasis. GGO was considered to be present when
an area of hazy increased lung opacity with preserved bronchial and vascular margins
was identified [16]. A diagnosis of consolidation was made when there was an area of
increased opacity that obscured the margins of adjacent vessels and airway walls, with
or without air bronchogram(s) [16]. A pulmonary nodule was considered to be present
when there was a solid lung lesion equal to or smaller than 3 cm in diameter without air
bronchogram(s) [16]. The diagnosis of pulmonary mass was made when a solid lung lesion
was larger than 3 cm in diameter [16]. A cyst was considered to be present when there
was a round parenchymal lucency or low-attenuation area with a thin wall (<2 mm) and
a well-defined interface with adjacent normal lung [16]. A diagnosis of septal thickening
was made when there was increased visibility of the pulmonary interlobular septum
was present [16]. Fibrosis was considered to be present when reticular opacities and/or
honeycombing were identified [16]. A diagnosis of bronchiectasis was defined as dilatation
of the bronchioles [16].

2.7.2. Pleural Evaluation

The pleura was systematically evaluated for the presence of pleural thickening, pleural
effusion, and pneumothorax. Pleural thickening was considered to be present when there
was abnormally increased thickness (>1 mm) of the pleura [17]. A diagnosis of pleural
effusion was made when there was fluid within the pleural cavity [17]. Pneumothorax was
defined as air contained in the pleural space.

2.7.3. Mediastinal Evaluation

The mediastinum was evaluated for lymphadenopathy and masses. A diagnosis of
mediastinal lymphadenopathy was made based on the presence of a mediastinal lymph
node larger than 1 cm in short axis in an expected mediastinal lymph node station [14]. A
mediastinal mass was considered to be present when there was an abnormal soft tissue
density in the mediastinum [14]. When a mediastinal mass was present, five MDCT
imaging characteristics were evaluated including (1) location in relation to the area of
PVS; (2) density; (3) borders (well circumscribed vs. ill defined); (4) contrast enhancement
pattern (mild vs. avid and homogeneous vs. heterogeneous); and (5) presence of associated
calcifications [14].

2.7.4. Main Pulmonary Artery to Ascending Aorta Ratio Evaluation

The main pulmonary artery (pulmonary trunk) to ascending aorta ratio was measured
on axial CT image at the level of the bifurcation of the pulmonary artery in all 20 thoracic
MDCT angiography studies.

2.8. Statistical Analysis

Patient age at the time of thoracic MDCT angiography study and the time interval
between the dates of PVS diagnosis and thoracic MDCT angiography study were nor-
mally distributed, and therefore, expressed as the mean, standard deviation, and range.
The number and percentage of abnormality were calculated based on the proportion of
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abnormality detected on thoracic MDCT angiography studies. Interobserver agreement
between the two independent reviewers regarding thoracic MDCT angiography findings
was calculated using the chance-corrected kappa coefficient with the following agreement
levels: (1) <0 (no agreement); (2) 0–0.20 (slight agreement); (3) 0.21–0.40 (fair agreement);
(4) 0.41–0.60 (moderate agreement); (5) 0.61–0.80 (substantial agreement); and (6) 0.81–1.0
(perfect agreement). Statistical analysis was performed using SAS/STAT version 14.1
software (SAS Institute) [18].

3. Results
3.1. Study Cohort Characteristics

The final study cohort consisted of 20 discrete pediatric patients with secondary PVS
due to PVS repair. In our study population (n = 20), 17 patients (85%) had no additional
congenital anomalies. Of the remaining three patients (15%), one patient had a moderate
size patent ductus arteriosus (5%), a second patient had right lung hypoplasia (5%), and
a third patient had VACTERL (vertebral defects, anal atresia, tracheo-esophageal fistula,
renal anomalies, and limb anomalies) association (5%). There were 17 males (85%) and
3 females (15%) ranging in age from 2 months to 8 years (mean, 16.1 months; SD, 22.8).
For each patient, a single thoracic MDCT study was included (n = 20). Clinical signs
and symptoms in study group patients included shortness of breath (n = 8), pulmonary
hypertension (n = 8), hypoxemia (n = 8), failure to thrive (n = 3), pulmonary edema (n = 1),
recurrent pleural effusions (n = 1), and cardiac arrest (n = 1). All (20/20; 100%) patients
underwent TAPVC repair. At the time of last follow-up, 5/20 (25%) of patients in the study
group were deceased, all due to complications of secondary PVS.

3.2. Thoracic MDCT Angiography Findings

All 20 thoracic MDCT studies (100%) showed the presence of PVS. The severity of
PVS is graded by the extent of pulmonary vein luminal caliber narrowing into mild (<25%),
moderate (25–50%), and marked (>50%). Mild degree (<25% pulmonary vein luminal
size narrowing) of PVS was seen in five thoracic MDCT studies (25%). The remaining
15 thoracic MDCT studies (75%) showed marked degree (>50% pulmonary vein luminal
size narrowing) of PVS.

The extravascular imaging abnormalities (in the lung and airway, pleura, and medi-
astinum) seen on the included MDCT angiography studies of children with secondary PVS
due to TAPVC repair are summarized in Table 1.

3.2.1. Lung and Airway Abnormalities

Nineteen of twenty patients had lung abnormalities, which included GGO (19/20;
95%) and interlobular septal thickening (7/20; 35%) (Figure 1). There was no identified
consolidation, nodule, mass, cyst, fibrosis or bronchiectasis. Of note, posterior-dependent
atelectasis in the bilateral lower lobes was observed in two (10%) thoracic MDCT angiogra-
phy studies.

3.2.2. Pleural Abnormalities

Pleural abnormalities were seen in 17/20 (85%) thoracic MDCT angiography studies.
The pleural abnormalities were confined to pleural thickening in all patients (Figure 1).
There was no pleural effusion or pneumothorax.
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Table 1. Summary of Extravascular Thoracic MDCT Angiography Findings of Children with Sec-
ondary PVS Due to TAPVC Repair.

Types of Extravascular Thoracic MDCT
Angiography Findings

Number (Percentage) of Abnormalities
(n = 20)

Lung Findings

GGO 19/20 (95%)

Septal Thickening 7/20 (35%)

Nodule 0/0 (0%)

Mass 0/0 (0%)

Cyst 0/0 (0%)

Fibrosis 0/0 (0%)

Bronchiectasis 0/0 (0%)

Pleural Findings

Pleural Thickening 17/20 (85%)

Pleural Effusion 0/0 (0%)

Pneumothorax 0/0 (0%)

Mediastinal Findings

Mediastinal Mass 17/20 (85%)

Mediastinal Lymphadenopathy 0/0 (0%)
MDCT: Multidetector Computed Tomography; PVS: Pulmonary Vein Stenosis; TAPVC: Total Anomalous Pul-
monary Venous Connection; n: Number; GGO: Ground-glass Opacity.
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Figure 1. An 8-month-old male with secondary pulmonary vein stenosis due to total anomalous pulmonary venous
connection repair who presented with shortness of breath. (A) Axial contrast-enhanced thoracic MDCT angiography CT
image shows ill-defined, mildly heterogeneously enhancing, non-calcified soft tissue mass (asterisk) in the expected location
of the right pulmonary vein. Right pulmonary vein is absent. Pleural thickening (arrow) is seen. Left upper pulmonary vein
(LUPV) and left lower pulmonary vein (LLPV) are patent. LA = left atrium. (B) Axial lung window CT image demonstrates
ground-glass opacity (asterisk) in the right lower lobe, septal thickening (arrowheads), and pleural thickening (arrows).
(C) 3D volume-rendered vascular reconstruction CT image in the posterior projection view shows absent right pulmonary
vein in the expected location (asterisk). Patent left upper pulmonary vein (LUPV) and left lower pulmonary vein (LLPV) are
seen. DA = descending aorta.
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3.2.3. Mediastinal Abnormalities

Mediastinal abnormalities were seen in 17/20 (85%) thoracic MDCT angiography
studies. All of these abnormalities were masses (n = 17; 85%). All masses (17/17; 100%)
were ill defined; they showed mild heterogeneous enhancement and lacked calcification
in all cases. Anatomically, they were distributed along the contour of veins affected by
PVS, and they were entirely extravascular in their location (Figures 1 and 2). Mediastinal
lymphadenopathy was not identified.
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Figure 2. A 13-month-old male with secondary pulmonary vein stenosis due to total anomalous pulmonary venous
connection repair who presented with hypoxemia. (A) Axial contrast-enhanced thoracic MDCT angiography CT image
shows ill-defined, mildly heterogeneously enhancing, non-calcified soft tissue mass (asterisk) in the expected location of
the left proximal pulmonary vein. Left proximal pulmonary vein is absent. Similar abnormal soft tissue (arrowheads)
surrounding left pulmonary vein with decreased size is seen more distally. Right pulmonary vein (RPV) is patent.
LA = left atrium. (B) Coronal contrast-enhanced thoracic MDCT angiography CT image demonstrates ill-defined, mildly
heterogeneously enhancing, non-calcified soft tissue mass (arrowheads) along the narrowed left pulmonary vein. Right
pulmonary vein (RPV) is patent. (C) 3D volume-rendered vascular reconstruction CT image in the posterior projection
view shows absent left pulmonary vein in the expected location (asterisk). Patent right pulmonary vein (RPV) is seen.
DA = descending aorta. (D) Pulmonary vein biopsy obtained at age 14 months shows circumferential intimal fibromyxoid
proliferation (left panel; original magnification, 20×) and extravascular/adventitial foreign-body giant-cell reaction (not
shown), fibrosis, and a cellular inflammatory infiltrate comprised of lymphocytes, plasma cells, eosinophils, and histiocytes
(right panel; original magnification, 40×). Hematoxylin and eosin stain in both images.
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3.2.4. Main Pulmonary Artery to Ascending Aorta Ratio

The main pulmonary artery (pulmonary trunk) to ascending aorta ratios measured
for all 20 thoracic MDCT angiography studies included in this study are summarized
in Table 2. The main pulmonary artery to ascending aorta ratios ranged from 1.1 to 2.19
(mean, 1.45; SD, 0.32).

Table 2. Main Pulmonary Artery (Pulmonary Trunk) to Ascending Aorta Ratio.

Main Pulmonary Artery Size (mm) Aorta Size (mm) P/A Ratio

10.56 9.55 1.1

19.09 13.42 1.42

18.44 13.72 1.34

14.25 12.53 1.14

10.30 8.47 1.22

11.51 9.25 1.24

16.00 10.97 1.46

15.96 10.4 1.53

14.35 10.62 1.35

13.81 7.84 1.76

10.03 5.42 1.85

19.99 11.62 1.72

21.22 16.20 1.31

10.91 4.97 2.19

9.70 4.48 2.17

16.13 12.42 1.30

10.98 9.51 1.15

10.03 8.14 1.23

17.43 12.69 1.37

16.11 14.18 1.14
P/A = main pulmonary artery (pulmonary trunk) to ascending aorta ratio.

3.3. Interobserver Agreement

There was almost perfect interobserver kappa agreement between two independent
reviewers for detecting extravascular abnormalities on thoracic MDCT angiography studies
(k = 0.99). The two reviewers exhibited diagnostic concordance for all findings except on
two occasions among the 20 thoracic MDCT angiography studies. Disagreement between
the two reviewers was related to the presence of interlobular septal thickening in both
instances. The third reviewer adjudicated the discrepancy by concluding that there was
mild septal thickening in both thoracic MDCT angiography studies.

4. Discussion

The results of this study, which focused on the extravascular thoracic MDCT an-
giography findings specifically in the setting of pediatric secondary PVS due to TAPVC
repair, showed the characteristic intrapulmonary findings of GGO and thickening of the
interlobular septa and the pleura. In addition, for the first time, our study found the
presence of a mediastinal mildly heterogeneously enhancing, non-calcified soft tissue mass
following the anatomic distribution of the secondary PVS, which is a novel imaging finding
detected in secondary pediatric PVS. We believe that clear knowledge of this constellation
of extravascular thoracic MDCT angiography findings in secondary PVS has great potential
for improving early and accurate diagnosis of PVS, even when thoracic MDCT is obtained
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without intravenous contrast in the pediatric population. It may also help to provide
insight into the pathogenesis of PVS.

PVS is categorized into two types: primary and secondary [1–5]. Although the exact
pathologic mechanism of these two subtypes is not clearly elucidated, comparison of imag-
ing findings may hint as to whether there is a similar underlying mechanism. A recently
published seminal study investigated, for the first time, the characteristic extravascular
thoracic MDCT findings in pediatric patients with primary PVS (without underlying con-
genital heart disease or other medical conditions) [14]. In contrast, the primary goal of the
present study was to investigate the characteristic extravascular thoracic MDCT findings in
children with secondary PVS resulting from repaired TAPVC, a well-known postoperative
complication. A secondary benefit of our study results is that by specifically investigating
the extravascular thoracic MDCT findings of pediatric patients with secondary PVS due
to TAPVC repair, it was possible to evaluate for substantial differences in the pattern of
extravascular thoracic MDCT findings of primary and secondary PVS in children, in order
to potentially suggest whether the underlying etiology of certain extravascular thoracic
MDCT findings are congenital versus acquired.

Interestingly, our findings of lung and pleural abnormalities of secondary PVS due
to TAPVC repair are similar in terms of the type and frequency when directly compared
to the recently published findings seen in pediatric patients with primary PVS [14]. In
our study, GGO (95%), septal thickening (35%), and pleural thickening (85%) were three
characteristic lung and pleural abnormalities detected in pediatric patients with secondary
PVS due to TAPVC repair. In comparison, these same three lung and pleural abnormalities
(GGO (93%), septal thickening (33%), and pleural thickening (93%)) were seen with similar
frequency in pediatric patients with primary PVS. Therefore, we believe that the results of
our study suggest that abnormal extravascular findings on thoracic MDCT angiography are
likely related to underlying PVS, regardless of whether it is primary or secondary. In regard
to the underlying pathophysiological consequences of GGO, septal thickening, and pleural
thickening, we agree with the previously proposed underlying causative mechanism of
engorged veins in the interlobular septa and visceral pleural surface (due to obstruction of
pulmonary venous connection from narrowed pulmonary veins) manifesting as GGO from
alveolar (airspace) edema and alveolar septal thickening in the lungs as well as pleural
thickening in the pleura on thoracic MDCT angiography [14].

In addition to lung and pleural abnormalities, our study also showed, for the first
time, the presence of a mildly heterogeneously enhancing, non-calcified soft tissue mass in
the distribution of PVS in the mediastinum in the vast majority of children with secondary
PVS due to TAPVC repair. This abnormal mediastinal soft tissue mass in the distribution
of the PVS was also seen with similar frequency (93% vs. 85%) in primary pediatric
PVS MDCT angiography studies [14]. Consequently, we also believe that this abnormal
mediastinal mass on thoracic MDCT angiography is specifically related to underlying PVS,
regardless of whether it is primary or secondary. In the recently published radiology study
focusing on primary PVS, an extravascular myofibroblastic proliferation was identified
histologically; however, this has not yet been systematically studied [14]. Therefore, future
study focusing on direct correlation between radiological and pathological findings of
abnormal mediastinal mass in pediatric patients with PVS is needed.

Currently, there is no standardized way to screen for PVS after TAPVC repair in the
pediatric population; however, patients are routinely followed with clinical assessment
and echocardiogram. If all pulmonary veins cannot be completely evaluated with echocar-
diogram, additional non-invasive imaging studies, such as thoracic MDCT angiography,
magnetic resonance imaging (MRI), and/or lung perfusion scan, are often subsequently
obtained. If non-invasive imaging study findings are equivocal, further investigation can
be achieved with conventional angiography and/or cardiac catheterization. Among these
imaging studies, thoracic MDCT angiography is often most useful because it also pro-
vides anatomic information of all thoracic structures. The results of our study underscore
the importance of evaluating all thoracic structures (including lungs, pleura, and medi-
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astinum) in addition to the pulmonary veins when pediatric patients with suspected PVS
are encountered in daily clinical practice. We believe that, due to the inherent limitations
of previously considered gold-standard modalities (echocardiography and conventional
angiography) for diagnosing PVS, MDCT angiography, which can provide comprehensive
anatomic characterization of both the vascular and extravascular thoracic structures, is an
important non-invasive imaging modality for evaluating PVS. However, we would like
to emphasize that, due to potentially harmful ionizing radiation associated with MDCT,
careful technical factor selection closely following the ALARA (As Low As Reasonably
Achievable) is essential when MDCT angiography is considered for evaluating PVS in the
pediatric population [19–21].

We acknowledge that there are two main limitations in our study. First, the patient
population size is relatively small, which is mainly due to strict patient inclusion criteria
used in our study. However, we believe that using strict patient inclusion criteria sub-
stantially improved the scientific value of our study. Future studies with larger patient
populations will be helpful for confirming the results of our study. A small percentage
(10%) of thoracic MDCT angiography studies included in this investigation had a small area
of posterior-dependent atelectasis, limiting evaluation for lung parenchymal abnormalities.
However, we believe that this did not affect the overall results of our study substantially
because potential abnormal lung findings were still able to be visualized in the remaining
well-aerated portion of lungs in these two studies.

In conclusion, our study, which is the first scientific investigation of the extravascular
thoracic MDCT angiography findings of secondary PVS in pediatric patients due to TAPVC
repair, shows characteristic extravascular thoracic MDCT angiography findings that are
similar to recent findings seen in pediatric patients with primary PVS. Up-to-date knowl-
edge of the characteristic extravascular thoracic MDCT angiography findings (i.e., GGO,
septal thickening, pleural thickening, and an abnormal mediastinal soft mass around the
PVS) in pediatric patients with secondary PVS has great potential to contribute to timely
and accurate diagnosis, which can, in turn, lead to optimal patient care.

Author Contributions: Conceptualization, E.Y.L., S.O.V., K.J.J., R.C. and A.J.W.; methodology, E.Y.L.,
S.O.V., K.J.J., R.C., H.J.P. and A.J.W.; software, E.Y.L., Z.G. and A.J.W.; validation, E.Y.L., S.O.V.,
K.J.J., R.C., H.J.P., Z.G. and A.J.W.; formal analysis, E.Y.L., S.O.V., K.J.J., R.C., H.J.P., Z.G. and A.J.W.;
investigation, E.Y.L., S.O.V., K.J.J., R.C., H.J.P., Z.G. and A.J.W.; resources, E.Y.L., S.O.V., K.J.J., R.C.,
H.J.P., Z.G. and A.J.W.; data curation, E.Y.L., S.O.V., K.J.J., R.C., H.J.P., Z.G. and A.J.W.; writing—
original draft preparation, E.Y.L., S.O.V., K.J.J., R.C., H.J.P., Z.G. and A.J.W.; writing—review and
editing, E.Y.L., S.O.V., K.J.J., R.C., H.J.P., Z.G. and A.J.W.; visualization, E.Y.L., S.O.V., H.J.P. and
A.J.W.; supervision, E.Y.L., S.O.V., K.J.J. and A.J.W.; project administration, Z.G.; funding acquisition,
K.J.J. and R.C. All authors have read and agreed to the published version of the manuscript.

Funding: Christina Capozzi Memorial Fund, TJ Reynolds Memorial Fund, and Ansley Walton Fund
for Kathy J. Jenkins, Ryan Callahan and Zachary Gauthier for present work. No funding support for
the rest of authors for present work.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Boston Children’s Hospital.

Informed Consent Statement: Informed consent was waived due to the nature of this study, limited
to retrospective medical/radiologic record review.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Frank, D.B.; Levy, P.T.; Stiver, C.A.; Boe, B.A.; Baird, C.W.; Callahan, R.M. Primary pulmonary vein stenosis during infancy: State

of the art review. J. Perinatol. 2021. [CrossRef] [PubMed]
2. Schramm, J.; Sivalingam, S.; Moreno, G.E.; Thanh, D.Q.L.; Gauvrea, K.; Doherty-Schmeck, K.; Jenkins, K.J. Pulmonary vein

stenosis: A rare disease with a global reach. Children 2021, 8, 198. [CrossRef] [PubMed]

http://doi.org/10.1038/s41372-021-01008-7
http://www.ncbi.nlm.nih.gov/pubmed/33674714
http://doi.org/10.3390/children8030198
http://www.ncbi.nlm.nih.gov/pubmed/33800765


Children 2021, 8, 726 13 of 13

3. Seale, A.N.; Uemura, H.; Webber, S.A.; Partridge, J.; Roughton, M.; Ho, S.Y. Total anomalous pulmonary venous connection:
Outcome of postoperative pulmonary venous obstruction. J. Thorac. Cardiovasc. Surg. 2013, 145, 1255–1262. [CrossRef] [PubMed]

4. Hancock Friesen, C.L.; Zurakowski, D.; Thiagarajan, R.R.; Forbess, J.M.; Pedro, J.; Mayer, J.E.; Jonas, R.A. Total anomalous
pulmonary venous connection: An analysis of current management strategies in a single institution. Ann. Thorac. Surg. 2005, 79,
596–606. [CrossRef] [PubMed]

5. Hyde, J.A.; Stumper, O.; Barth, M.J.; Wright, J.G.C.; Silove, E.D.; De Giovanni, J.V.; Sethia, B. Total anomalous pulmonary venous
connection: Outcome of surgical correction and management of recurrent venous obstruction. Eur. J. Cardiothorac. Surg. 1999, 15,
735–740. [CrossRef]

6. White, B.R.; Ho, D.Y.; Faerber, J.A.; Katcoff, H.; Glatz, A.C.; Mascio, C.E.; Stephens, P., Jr.; Cohen, M.S. Repair of total anomalous
pulmonary venous connection: Risk factors for postoperative obstruction. Ann. Thorac. Surg. 2019, 108, 122–129. [CrossRef]
[PubMed]

7. DiLorenzo, M.P.; Santo, A.; Rome, J.J.; Zhang, H.; Vaerber, J.A.; Mercer-Rosa, L.; Hopper, R.K. Pulmonary vein stenosis: Outcomes
in children with congenital heart disease and prematurity. Semin. Thorac. Cardovasc. Surg. 2019, 31, 266–273. [CrossRef]

8. Suntharos, P.; Prieto, L.R. Treatment of congenital and acquired pulmonary vein stenosis. Curr. Cardiol. Rep. 2020, 22, 153.
[CrossRef] [PubMed]

9. Vanderlaan, R.D.; Rome, J.; Hirsch, R.; Ivy, D.; Caldarone, C.A. Pulmonary vein stenosis: Treatment and challenges. J. Thorac.
Cardiovasc. Surg. 2012, 161, 2169–2176. [CrossRef] [PubMed]

10. Hump, T.; Fineman, J.; Qureshi, A.M. The many faces and outcomes of pulmonary vein stenosis in early childhood. Pediatr.
Pulmonol. 2021, 56, 649–655. [CrossRef] [PubMed]

11. Hart, A.; Lee, E.Y. Chapter 10: Pediatric Chest Disorders: Practical Imaging Approach to Diagnosis. In Diseases of the Chest, Breast,
Heart and Vessels 2019–2022: Diagnostic and Interventional Imaging; Springer Publishing: New York, NY, USA, 2019.

12. Lee, E.Y.; Jenkins, K.J.; Muneeb, M.; Marshall, A.C.; Tracy, D.A.; Zurakowski, D.; Boiselle, P.M. Proximal pulmonary vein stenosis
detection in pediatric patients: Value of multiplanar and 3-D VR imaging evaluation. Pediatr. Radiol. 2013, 43, 929–936. [CrossRef]
[PubMed]

13. Barrera, C.A.; Saul, D.; Rapp, J.B.; Smith, C.L.; White, A.M.; Biko, D.M.; Otero, H.J. Diagnostic performance of CT angiography to
detect pulmonary vein stenosis in children. Int. J. Cardiovasc. Imaging 2020, 36, 141–147. [CrossRef] [PubMed]

14. Lee, E.Y.; Jenkins, K.J.; Vargas, S.O.; Callahan, R.; Park, H.J.; Gauthier, Z.; Winant, A.J. Thoracic multidetector computed
tomography angiography of primary pulmonary vein stenosis in children: Evaluation of characteristic extravascular findings. J.
Thorac. Imaging 2021. [CrossRef] [PubMed]

15. Balasubramanian, S.; Rehman, M.; Gauvreau, K.; Jenkins, K.J. Bilateral disease and early age at presentation are associated with
shorter survival in patients with congenital heart disease and intraluminal pulmonary vein stenosis. Congenit Heart Dis. 2012, 7,
378–386. [CrossRef] [PubMed]

16. Hansell, D.M.; Bankier, A.A.; MacMahon, H.; McLoud, T.C.; Müller, N.L.; Remy, J. Fleischner Society: Glossary of terms for
thoracic imaging. Radiology 2008, 3, 697–722. [CrossRef] [PubMed]

17. Lee, E.Y.; Khatwa, U.; McAdam, A.J.; Bastos, M.d.; Mahmood, S.A.; Ervoes, J.P.; Boiselle, P.M. Streptococcus milleri group
pleuropulmonary infection in children: Computed tomography findings and clinical features. J. Comput. Assist. Tomogr. 2010, 43,
927–932. [CrossRef] [PubMed]

18. SAS Institute Inc. SAS/STAT 141 User Guide; SAS Institute Inc.: Gary, India, 2015.
19. Ngo, A.V.; Winant, A.J.; Lee, E.Y.; Phillips, G.S. Strategies for reducing radiation dose in CT for pediatric patients: How we do it.

Semin. Roentgenol. 2018, 53, 124–131. [CrossRef] [PubMed]
20. Sodhi, K.S.; Krishna, S.; Saxena, A.K.; Sinha, A.; Khandelwal, N.; Lee, E.Y. Clinical application of ‘justification’ and ‘optimization’

principle of ALARA in pediatric CT imaging: “how many children can be protected from unnecessary radiation?”. Eur. J. Radiol.
2015, 84, 1752–1757. [CrossRef] [PubMed]

21. MacDougall, R.D.; Strauss, K.J.; Lee, E.Y. Managing radiation dose from thoracic multidetector computed tomography in pediatric
patients: Background, current issues, and recommendations. Radiol. Clin. N. Am. 2013, 51, 743–760. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jtcvs.2012.06.031
http://www.ncbi.nlm.nih.gov/pubmed/22892140
http://doi.org/10.1016/j.athoracsur.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15680843
http://doi.org/10.1016/S1010-7940(99)00104-9
http://doi.org/10.1016/j.athoracsur.2019.02.017
http://www.ncbi.nlm.nih.gov/pubmed/30885849
http://doi.org/10.1053/j.semtcvs.2018.09.027
http://doi.org/10.1007/s11886-020-01395-x
http://www.ncbi.nlm.nih.gov/pubmed/33009955
http://doi.org/10.1016/j.jtcvs.2020.05.117
http://www.ncbi.nlm.nih.gov/pubmed/32763037
http://doi.org/10.1002/ppul.24848
http://www.ncbi.nlm.nih.gov/pubmed/32506838
http://doi.org/10.1007/s00247-013-2647-8
http://www.ncbi.nlm.nih.gov/pubmed/23475282
http://doi.org/10.1007/s10554-019-01693-8
http://www.ncbi.nlm.nih.gov/pubmed/31502067
http://doi.org/10.1097/RTI.0000000000000590
http://www.ncbi.nlm.nih.gov/pubmed/33999569
http://doi.org/10.1111/j.1747-0803.2012.00647.x
http://www.ncbi.nlm.nih.gov/pubmed/22469299
http://doi.org/10.1148/radiol.2462070712
http://www.ncbi.nlm.nih.gov/pubmed/18195376
http://doi.org/10.1097/RCT.0b013e3181ed6450
http://www.ncbi.nlm.nih.gov/pubmed/21084911
http://doi.org/10.1053/j.ro.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29861004
http://doi.org/10.1016/j.ejrad.2015.05.030
http://www.ncbi.nlm.nih.gov/pubmed/26072096
http://doi.org/10.1016/j.rcl.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23830796

	Introduction 
	Methods 
	Institutional Review Board Approval 
	Study Cohort 
	Patient’s Clinical Information 
	Pulmonary Vein Stenosis Diagnostic Criteria 
	Thoracic MDCT Angiography Technique 
	MDCT Scanner Types 
	Thoracic MDCT Parameters 

	Thoracic MDCT Angiography Image Reconstruction and Review 
	Thoracic MDCT Angiography Image Reconstruction 
	Thoracic MDCT Angiography Image Review Preparation 
	Thoracic MDCT Angiography Image Review 

	Thoracic MDCT Angiography Image Assessment 
	Lung and Airway Evaluation 
	Pleural Evaluation 
	Mediastinal Evaluation 
	Main Pulmonary Artery to Ascending Aorta Ratio Evaluation 

	Statistical Analysis 

	Results 
	Study Cohort Characteristics 
	Thoracic MDCT Angiography Findings 
	Lung and Airway Abnormalities 
	Pleural Abnormalities 
	Mediastinal Abnormalities 
	Main Pulmonary Artery to Ascending Aorta Ratio 

	Interobserver Agreement 

	Discussion 
	References

