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Pulmonary Vein Stenosis: Outcomes in Children

With Congenital Heart Disease and Prematurity
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Kaplan-Meier survival curve for subjects with PVS
stratified by age at diagnosis.

Central Message

PVS outcomes are poor, especially among

young children, regardless of underlying dis-

ease or intervention. Younger diagnosis age

and greater number of veins affected are risk

factors for mortality.

Perspective Statement

PVS is associated with significant mortality,

regardless of the presence of prematurity or

CHD, and despite various potential treatment

strategies. Routine surveillance and evaluation
Pulmonary vein stenosis (PVS) is a rare condition that has been linked to prema-
turity and congenital heart disease (CHD). Despite these associations, treatment
options are limited and outcomes are guarded. We investigated differences in
PVS outcomes based on the presence of CHD and prematurity, and risk factors
for mortality or lung transplantation in PVS. Single-center retrospective cohort
study of patients diagnosed with PVS between January 2005 and May 2016
and identified by ICD codes with chart validation. Cox proportional hazard mod-
els assessed risk factors for the composite outcome of mortality or lung trans-
plantation. Ninety-three patients with PVS were identified: 65 (70%) had
significant CHD, 32 (34%) were premature, and 14 (15%) were premature with
CHD. Sixty-five (70%) underwent a PVS intervention and 42 (46%) underwent
≥2 interventions. Twenty-five subjects (27%) died or underwent lung transplant
5.8 months (interquartile range [IQR] 1.1, 15.3) after diagnosis. There was no dif-
ference in age at diagnosis or mortality based on presence of CHD or prematu-
rity. PVS diagnosis before age 6 months and greater than 1 pulmonary vein
affected at diagnosis were associated with higher mortality (hazards ratio [HR]
3.4 (95% confidence interval 1.5, 7.5), P = 0.003, and HR 2.1 per additional vein
affected (95% confidence interval 1.3, 3.4), P= 0.004, respectively). Survival in
children with PVS is poor, independent of underlying CHD or prematurity. Youn-
ger age and greater number of veins affected at diagnosis are risk factors for
worse outcome. Understanding causal mechanisms and development of treat-
ment strategies are necessary to improve outcomes.

Semin Thoracic Surg 31:266�273 © 2018 Elsevier Inc. All rights reserved.

Keywords: Pulmonary vein stenosis, Congenital heart disease, Prematurity
 for PVS should be considered, especially

among premature population with chronic lung

disease. Understanding causal mechanisms and
development of effective treatment strategies

are necessary to improve outcomes.
Abbreviations: PVS, pulmonary vein stenosis; CHD, congenital heart disease; IQR, interquartile range; CT, computed tomography; MRI, magnetic
resonance imaging
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CONGENITAL � PULMONARY VEIN STENOSIS
BACKGROUND
Pulmonary vein stenosis (PVS) is a rare entity, with a previ-

ously estimated prevalence of 0.03% in patients with congeni-
tal heart disease (CHD).1,2 While PVS can be present after
intervention for primary pulmonary vein anomalies,3 such as
total and partial anomalous pulmonary venous return, in
recent years, there have been numerous reports of isolated PVS
in patients with structurally normal hearts.4,8,10 In addition,
PVS has been described in association with prematurity, partic-
ularly in patients with severe chronic lung disease.4,8,9,11 In
this population, PVS is usually detected later in infancy, sug-
gesting a component of postnatal factors to disease develop-
ment or progression.6,8,11 Outcomes in PVS are poor due to
development of pulmonary hypertension, and surgical- or
catheter-based interventions have demonstrated limited suc-
cess due to restenosis, progression of disease, and ultimately
death.2,6,8,10�21 We sought to investigate (1) the association of
CHD and prematurity with mortality or lung transplantation
in subjects with PVS, and (2) additional risk factors for mortal-
ity or lung transplantation in subjects with PVS. We hypothe-
sized that CHD and prematurity would confer increased risk
for mortality in this disease, and that a higher number of veins
affected would result in worse outcomes.

METHODS
We conducted a retrospective cohort study of patients with

confirmed diagnosis of PVS followed at the Children’s Hospital
of Philadelphia between January 2005 and May 2016. Subjects
were first identified by database inquiry for ICD-9 codes 747.4
(anomalies of pulmonary veins) or 747.49 (stenosis of pulmo-
nary veins). Diagnosis of PVS was confirmed by manual review
of charts, including echocardiographic, catheterization, and
MRI/CT reports, as available. Subjects met inclusion criteria if
they were under 18 years of age and there was at least 1 vein
with either: (1) a gradient of 5 mm Hg or more by cardiac cath-
eterization or echocardiography, (2) presence of pulmonary
vein atresia on angiography, or (3) appearance of discrete ste-
nosis on angiography not due to external compression.

The primary exposures of interest were the presence of CHD
and the presence of prematurity. CHD was defined as complex
lesions or lesions requiring surgical intervention or palliation.
Patent ductus arteriosus, or atrial or small ventricular septal
defects that did not require surgical- or catheter-based inter-
vention to correct were excluded from this group. Prematurity
was defined as gestational age <37 weeks. The study was
approved by the institutional review board for the Protection
of Human Subjects at the Children’s Hospital of Philadelphia.

Data Collection
Covariates of interest included demographics, gestational

age, birth weight, birth length, presence of genetic disorders,
age at PVS diagnosis, presence of pulmonary hypertension
(defined as mean pulmonary arterial pressure ≥25 mm Hg by
cardiac catheterization, or presence of echocardiographic
markers of elevated right ventricular pressure, including septal
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flattening/bowing or greater than half-systemic right ventricu-
lar pressure estimate by tricuspid regurgitant jet), number of
pulmonary veins affected at diagnosis and at last follow-up,
type and number of interventions, and time between diagnosis
and intervention. The primary outcome was the composite
outcome of death or lung transplantation. CHD-specific data
included type of CHD, type of surgical repair, age at CHD sur-
gical repair, and the presence of a primary pulmonary vein
anomaly, defined as total or partial anomalous pulmonary
venous return, including Scimitar syndrome. CHD was further
divided into noncomplex (isolated ASD or VSD) and complex
CHD. Premature-specific data included degree of prematurity
(defined as premature [32 to <37 weeks gestational age], very
premature [28�31 weeks gestational age], and extremely pre-
mature [<28 weeks gestational age]), diagnosis of bronchopul-
monary dysplasia/chronic lung disease, need for intubation
during neonatal admission, presence of necrotizing enterocoli-
tis or sepsis prior to PVS diagnosis, tracheostomy, use of sys-
temic steroids during neonatal hospitalization, and use of
oxygen on hospital discharge.

Statistical Analysis
Cox proportional hazards models were run to determine risk

factors for the composite outcome of mortality or lung transplan-
tation in subjects with PVS. Time to event was defined as time
from date of PVS diagnosis until death or lung transplant, with
censoring at date of last follow-up for survivors or 5 years follow-
ing diagnosis, whichever was earlier. Five years was chosen due to
the rarity of events beyond this period. The survival probabilities
were plotted against discrete covariates using Kaplan-Meier curves.
For the primary analysis of risk factors for our combined mortal-
ity/transplant outcome, we used univariable and multivariable
Cox proportional hazards models. Risk factors of interest include
the presence of CHD or prematurity, age <6 months at diagnosis,
number of pulmonary veins involved and presence of bilateral dis-
ease, need for intervention, and presence of pulmonary hyperten-
sion. Risk factors considered for inclusion in the multivariable
model were found to be associated with outcome in separate uni-
variable models (P < 0.2), were not collinear with other covariates
in the model, and were limited to 1�2 variables due to the small
sample size. Interactions between the presence of CHD and pre-
maturity were assessed and included in the model, if significant.
Verification of the proportional hazards assumption was per-
formed for each risk factor by plotting the Schoenfeld residuals
against time. Kaplan-Meier log-rank test was used to test the effect
of intervention on mortality among subjects undergoing an inter-
vention for PVS. Risk factors analyzed included type of primary
intervention and number of procedures performed.

Descriptive statistics are presented as frequency counts and
percentages for categorical variables and mean § standard
deviation or median (interquartile range [IQR]) for continuous
variables. Categorical variables are compared using Fisher’s
exact test, and continuous variables compared using analysis
of variance (ANOVA) or Kruskal-Wallis test by ranks according
to distribution. The two-sided statistical significance level was
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Table 2. CHD and Premature Patient Characteristics

CHD Characteristics (N = 65)

Type of CHD
Ventricular septal defect 10 (15%)
Atrioventricular canal 6 (9%)
Hypoplastic left heart syndrome 10 (15%)
Heterotaxy 12 (18%)
Tetralogy of Fallot/double outlet right ventricle 5 (8%)
Other single ventricle 8 (12%)
Other two ventricle 1 (2%)

Complex CHD 60 (92%)
Congenital pulmonary vein anomaly
None 34 (52%)
Total anomalous pulmonary venous return 21 (32%)
Partial anomalous pulmonary venous return 9 (14%)
Scimitar syndrome 1 (2%)

Age at CHD repair (months) 2.2 (0.1, 7.2)
Premature characteristics (N = 32)
Premature gestational age (wk) 30.6 § 5.1
Degree of prematurity
32�37 wk 16 (50%)
28�31 wk 4 (13%)
<28 wk 12 (37%)

Premature birth weight (kg) 1.5 § 0.9
Chronic lung disease 19 (60%)
Necrotizing enterocolitis or sepsis 20 (63%)
Large PDA prior to diagnosis 19 (59%)
Use of systemic steroids 8 (25%)
Retinopathy of prematurity 9 (28%)
Intubation 22 (69%)
Discharged on oxygen 18 (56%)
Tracheostomy 13 (41%)
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set at 0.05. All data analysis was performed using STATA 14.1
(StataCorp, College Station, TX).

RESULTS

Study Cohort
Ninety-three subjects were included in this study. Sixty-five

subjects (70%) had significant CHD and 32 (34%) were pre-
mature. Fourteen (15%) had CHD and were premature. There
were no significant differences in gender, race, ethnicity, age of
diagnosis, or presence of genetic syndromes based on the pres-
ence of CHD or prematurity (Table 1). Pulmonary hyperten-
sion was more common among subjects without CHD
(P = 0.04) and among premature subjects (P = 0.003).

CHD characteristics are listed in Table 2. Sixty subjects
(92%) underwent surgical repair. Thirty-one subjects (36%)
had a congenital pulmonary vein anomaly, and 18 (19%) had
both a primary pulmonary vein anomaly and another form of
CHD (Table 2).

Premature subjects were born at a gestational age of 30.6 §
5.1 weeks and weight of 1.5 § 0.9 kg. Inflammatory condi-
tions, such as necrotizing enterocolitis or sepsis, and intubation
during initial hospitalization were prevalent within the prema-
ture population (Table 2).

Baseline Characteristics
The number of pulmonary veins affected at diagnosis and

presence of bilateral disease were similar between groups
(Table 3). Interventions were performed in the majority of sub-
jects (70%), with comparable prevalence of intervention
between groups. Non-CHD subjects were more likely to
undergo balloon angioplasty as the primary intervention for
PVS, whereas CHD subjects were more likely to undergo surgi-
cal intervention. Premature subjects were more likely to
undergo balloon angioplasty, whereas nonpremature subjects
were more likely to undergo surgical intervention. The reinter-
vention rate was high but there was no difference based on the
presence of CHD or prematurity.
Table 1. Patient Characteristics

Overall
(n = 93)

CHD
(n = 65)

No C
(n = 2

Gender, male 56 (60%) 53 (66%) 13 (4
Ethnicity
Non-Hispanic 71 (76%) 51 (78%) 20 (7
Hispanic 11 (12%) 9 (14%) 2 (7
Not answered 11 (12%) 5 (8%) 6 (2

Race
African American 2 (23%) 13 (20%) 8 (2
Caucasian 48 (52%) 37 (57%) 11 (3
Asian 1 (1%) 1 (2%) 0 (0
Other 22 (24%) 14 (21%) 9 (3

Genetic syndrome 18 (20%) 14 (23%) 4 (1
Pulmonary hypertension 51 (57%) 30 (49%) 21 (7
Age at diagnosis, months 7.2 (3.7, 26.4) 6.9 (5.3, 11.0) 8.0
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There were a total of 23 deaths (25%) and 4 lung transplants
(4%) in the study population, at a median interval of 5.8
months (IQR 1.1, 15.3) from PVS diagnosis, with overall trans-
plant-free survival of 73%. Two deaths occurred in subjects
who had previously received a lung transplant. One-, three-,
and five-year transplant-free survival was 81%, 71%, and 67%,
HD
8)

P Value Prematurity
(n = 32)

No prematurity
(n = 61)

P Value

6%) 0.1 15 (47%) 41 (67%) 0.08

1%) 0.1 28 (88%) 43 (70%) 0.3
%) 2 (6%) 9 (15%)
2%) 2 (6%) 9 (15%)

9%) 0.4 12 (37%) 9 (15%) 0.1
9%) 15 (47%) 33 (54%)
%) 0 1 (2%)
2%) 5 (16%) 18 (29%)
5%) 0.5 7 (23%) 11 (19%) 0.9
5%) 0.04 24 (80%) 27 (46%) 0.003
(3.3, 31.7) 0.6 7.7 (5.2, 14.0) 7.1 (3.3, 45.1) 1
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Table 3. Pulmonary Vein Characteristics and Outcome

Overall
(n = 93)

CHD
(n = 65)

No CHD
(n = 28)

P Value Prematurity
(n = 32)

No prematurity
(n = 61)

P Value

Number of pulmonary
veins affected

2 (1, 2) 2 (1, 2) 2 (1, 3) 0.8 2 (1, 2) 2 (1, 2) 0.7

Bilateral disease 27 (29%) 17 (26%) 10 (35%) 0.5 11 (34%) 16 (26%) 0.5
Type of primary intervention
None 28 (30%) 19 (29%) 9 (32%) 0.03 9 (28%) 19 (31%) 0.01
Surgery 28 (30%) 25 (38%) 3 (11%) 4 (13%) 2 (39%)
Balloon angioplasty 32 (34%) 18 (28%) 14 (50%) 17 (53%) 3 (25%)
Stent 5 (6%) 3 (5%) 2 (7%) 2 (6%) 3 (5%)

Number of interventions
None 28 (30%) 19 (29%) 9 (32%) 0.9 9 (28%) 19 (31%) 0.9
1 23 (25%) 17 (26%) 6 (21%) 7 (22%) 16 (26%)
2 or more 42 (45%) 29 (45%) 13 (47%) 16 (50%) 26 (43%)

Lung transplant 4 (4%) 3 (5%) 1 (4%) 1 2 (6%) 2 (3%) 0.6
Death 23 (25%) 18 (28%) 8 (29%) 1 8 (25%) 18 (30%) 0.8
Median time to transplant/death
(months)

5.8 (1.1, 15.3) 15.3 (3.8, 54.7) 3.8 (0.8, 9.3) 0.053 10.1 (5.8, 18.8) 4.7 (1.6, 17.3) 0.6
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respectively. There was a trend toward longer median time to
death or transplant among those with CHD as compared to
those without CHD (15.3 months [IQR 3.8, 54.7] vs 3.8
months [IQR 0.8, 9.3], respectively, P = 0.053). There was no
difference in time to death or transplant based on the presence
of prematurity (P = 0.6).

Risk Factors for Mortality
The univariable Cox proportional hazards model identified the

following variables that were significantly associated with mortal-
ity: greater number of pulmonary veins affected at diagnosis,
presence of bilateral disease, pulmonary hypertension, presence
of a genetic syndrome, and age <6 months at diagnosis. Presence
of CHD or prematurity was not significant. Due to collinearity
between number of pulmonary veins affected and presence of
bilateral disease, only number of pulmonary veins affected was
included in the multivariable analysis. The multivariable Cox
proportional hazards model retained 2 of these predictors and
provided adjusted hazard ratios for these risk factors. Age <6
months and number of veins were each associated with a more
than 2-fold greater hazard of mortality after adjusting for the
effect of the other variable (Table 4, Figs. 1 and 2).
Table 4. Unadjusted and Adjusted Analysis of Transplant-Free Sur

Factor Univ

HR 95%

Age at diagnosis <6 months 3.1 1.4,
CHD 0.6 0.3,
Bilateral disease 2.5 1.2,
Number of pulmonary veins at diagnosis 2.4 1.4,
Need for intervention
Genetic syndrome 2.4 1.03
Presence of pulmonary hypertension 2.5 1.0,
Presence of prematurity 1.1 0.5,
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For patients who underwent pulmonary vein interventions,
there was no difference in overall survival based on type of inter-
vention (catheterization vs surgery; P = 0.28). However, subjects
who underwent 2 or more procedures had higher mortality
than those who only underwent 1 procedure (Fig. 3, P = 0.004).

We did not identify significant risk factors for mortality that
were specific to subjects with CHD, including type of CHD,
single vs two-ventricle physiology, presence of complex CHD,
or presence/type of congenital pulmonary vein anomaly. Like-
wise, we did not identify premature-group specific factors asso-
ciated with mortality, such as gestational age, birth weight,
chronic lung disease, necrotizing enterocolitis or sepsis, trache-
ostomy, and presence of a large patent ductus arteriosus. There
was no difference in survival (P = 0.6) or age of diagnosis
(P = 0.2) based on the degree of prematurity.

DISCUSSION
Outcomes for patients with PVS are generally poor. In this

study, we report risk factors for mortality in a large group of
patients with PVS. We found significant mortality within 1 year
of diagnosis, independent of underlying diagnosis of CHD
and/or prematurity. History of prematurity or CHD is not
vival

ariable Multivariable

CI P HR 95% CI P

7.9 0.005 3.4 1.5, 7.5 0.003
1.4 0.2
5.4 0.016
4.1 0.001 2.1 1.3, 3.4 0.004

0.7 0.3, 1.7 0.45
, 5.7 0.04
6.3 0.05
2.5 0.7
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Figure 1. Kaplan-Meier survival curve stratified by number of pulmonary veins involved at diagnosis.
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independently associated with poor survival. Younger age at PVS
diagnosis and greater number of pulmonary veins involved were
identified as independent risk factors for death or lung trans-
plantation.

We report an overall transplant-free survival of 73%, which
is similar to recent studies of PVS among premature infants
and patients with congenital PVS.22�24 While this survival rate
is low for a pediatric population, it appears better than prior
Figure 2. Kaplan-Meier survival curv

270 Seminars in T
PVS reports documenting survival rates in the range of
40�50%.2,8,9,21 These differences in survival could be ascribed
to differences in populations being studied. While prior reports
focused on subjects with prematurity or children undergoing
intervention for PVS, therefore likely representing a sicker
cohort, we included subjects in whom only 1 vessel was
involved, which in isolation, had been demonstrated to be less
likely to progress, or to be associated with death.2,13 We
e stratified by age at diagnosis.

horacic and Cardiovascular Surgery � Volume 31, Number 2



Figure 3. Kaplan-Meier survival curve stratified by number of PVS interventions among subjects requiring intervention.
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therefore possibly report on a cohort with less severe disease,
and thus lower mortality as compared to other studies.

Interestingly, neither CHD nor prematurity were risk factors
for mortality, and there was no significant difference in time
from diagnosis to mortality between groups. As our study is
observational, we cannot ascribe the degree to which PVS con-
tributed directly to mortality; however, considering a much
higher mortality than the CHD or premature population at large,
and the lack of difference in mortality based on the presence of
CHD or prematurity, we can infer that PVS likely contributes to
mortality, especially among subjects with more significant pul-
monary venous disease.25�27 The short time between diagnosis
and death in our study underscores the unremitting nature of
this disease, similarly to other reports.8,21

Furthermore, there were no significant differences in most
baseline characteristics between subjects with or without pre-
maturity or CHD. Premature subjects had a higher incidence
of pulmonary hypertension; however, considering the known
association between chronic lung disease and pulmonary
hypertension in this population, this finding is not surpris-
ing.28 The lack of differences in most baseline characteristics
would suggest that the development of PVS is a process inde-
pendent of underlying prematurity or CHD. Additional studies
are necessary to elucidate potential underlying developmental
or genetic factors that may result in increased risk for PVS.

One of the goals of this study was to identify risk factors for
PVS in patients with prematurity, given the clinical observation
of increased prevalence of PVS in this population in recent years.
We report on a population that is seemingly comparable to
other studies in terms of baseline characteristics, degree of pre-
maturity, birth weight, chronic lung disease, and inflammatory
conditions, such as necrotizing enterocolitis and sepsis.6,8,9,13,29
Seminars in Thoracic and Cardiovascular Surgery � Volume 31
However, despite the prevalence of very and extreme prematu-
rity, chronic lung disease, necrotizing enterocolitis, or sepsis in
our population, these factors were not associated with mortality.

Patients with PVS diagnosed before 6 months of age had
nearly a 3-fold increase in mortality. This is similar to recent
reports which demonstrated a significant survival benefit with
older age at diagnosis.12,22 Considering that this association was
independent of number of veins affected at diagnosis, our find-
ings would support the conclusion that PVS at a young age car-
ries an especially poor prognosis. These findings would suggest
that screening for PVS may be beneficial during routine follow-
up for infants with CHD and in the premature population under
6 months of age, as earlier detection would allow earlier and
more aggressive intervention and closer follow-up, which could
potentially modify outcomes. Pathologic mechanisms underlying
this phenomenon were beyond the scope of this study, and
therefore, further research into this area is needed.

We found that type of initial intervention was not associated
with outcome in our population. However, subjects requiring 2 or
more interventions had higher mortality, suggesting that those
requiring more procedures likely represent a sicker subset with
persistent or recurrent PVS. In contrast to our result, a recent study
reported improved survival was identified among subjects under-
going reintervention.30 These discrepant results may be a function
of the cohort examined. The subjects in their study were younger,
more likely to receive drug-eluting stents, and tended to die earlier,
potentially resulting in a cohort of survivors that underwent
numerous interventions and perhaps had less severe disease.

Limitations
There were limitations to this study. This was a single-center

retrospective analysis, and therefore, there was potential for
, Number 2 271
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incomplete ascertainment, either due to improper coding or
incomplete evaluation on echocardiograms, resulting in potential
selection bias of a sicker population. Management strategies at the
Children’s Hospital of Philadelphia are not protocolized; therefore,
decision to intervene and type of intervention were individualized
based on the patient and care team. The retrospective nature of
this study could lead to missing data, especially if diagnosis was
significantly delayed. While we presume PVS contributed to mor-
tality, we report associations, and therefore, it is plausible that
death was due to other causes rather than PVS itself. Due to the
rarity of this disease, our sample size was limited and included a
heterogeneous population, thus limiting our ability to completely
ascertain risk factors for mortality and to adjust for additional
potential confounders. Finally, this was a single-center study, and
therefore, the results may not be generalizable to all centers due to
variability in management strategy and outcomes.

CONCLUSIONS
PVS is associated with poor outcomes independently of

CHD, prematurity, or treatment strategy. Early age and greater
than 1 pulmonary vein affected at diagnosis stratify patients
toward a greater risk and should be considered in patient
counseling and follow-up. Further study is needed to evaluate
causal mechanisms of PVS in CHD and premature infants,
with the long-term goal of developing treatment strategies that
could lead to improved survival.
SUPPLEMENTARY MATERIAL
The following is the supplementary data to this article:

Video 1. An AP projection of a right pulmonary artery angiogram in
a 5-month-old ex-32 week infant with history of chronic lung dis-
ease and severe right-sided PVSwith prior history of right lower
pulmonary vein stenting. Angiogram demonstrates significant in-
stent restenosis and delayed venous return into the left atrium.
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