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Reintervention Is Associated With
Improved Survival in Pediatric Patients
With Pulmonary Vein Stenosis
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OBJECTIVES The aim of this study was to evaluate survival following catheter intervention in pediatric patients with

pulmonary vein stenosis (PVS).

BACKGROUND Despite aggressive surgical and catheter intervention on PVS in children, recurrence and progression of

stenosis can lead to right heart failure and death. Clinicians continue to seek effective treatment options for PVS.

METHODS A single-center, retrospective study was performed including all patients <18 years of age who underwent

catheter intervention (balloon angioplasty and bare-metal stent and drug-eluting stent insertion) on PVS. Endpoints

included death, vein loss, and rate of reintervention.

RESULTS Thirty patients underwent intervention (balloon angioplasty, n ¼ 9; bare-metal stent, n ¼ 5; drug-eluting

stent, n ¼ 16) at a median age of 6.4 months (4.3 to 9.9 months). Median follow-up duration was 30.6 months (77 days

to 10.5 years). Fourteen patients (47%) died at a median of 2.0 months (0.4 to 3.2 months) following intervention.

There was no association between DES placement and survival (p ¼ 0.067). Reintervention (catheter or surgical)

was associated with improved survival (p ¼ 0.001), with a 1-year survival rate of 84% compared with 25% for no

reintervention. Vein loss occurred in 34 of 58 (59%) veins at a median of 3.3 months (1.0 to 5.0 months). One-year

vein survival was higher with DES implantation (p ¼ 0.031) and with reintervention (p < 0.001).

CONCLUSIONS DES implantation at first catheter intervention appears to be associated with improved vein

survival but may not result in improved patient survival. However, reintervention appears to be associated

with improved patient survival and vein patency, suggesting that despite mode of treatment, frequent

surveillance is important in the care of these patients. (J Am Coll Cardiol Intv 2017;10:1788–98)

© 2017 by the American College of Cardiology Foundation.
I n children, pulmonary vein stenosis (PVS) is
uncommon, presenting either as primary (idio-
pathic) PVS or secondary (post-surgical) PVS,

usually following repair of total or partial anomalous
pulmonary venous return. PVS is progressive in
nature and can result in secondary pulmonary hyper-
tension, right heart failure, and death (1–4). Surgical
intervention at some centers is considered the
primary treatment for both types of PVS (4). Despite
aggressive surgical intervention, PVS is often recur-
rent (5).
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Transcatheter interventions have been used to
treat PVS, although outcomes have been variable.
Outcomes following balloon angioplasty (BA) for
PVS were reported as early as 1982, with poor long-
term pulmonary vein (PV) patency (6–8). Stent
implantation has also been reported, although many
investigators report a high rate of neointimal prolif-
eration within the implanted PV stents (9). The
largest study evaluating stent efficacy for PVS in
children found stent diameter to be a predictor of
freedom from occlusion and reintervention (10).
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AB BR E V I A T I O N S

AND ACRONYM S

BA = balloon angioplasty

BMS = bare-metal stent(s)

DES = drug-eluting stent(s)

PV = pulmonary vein

PVS = pulmonary vein stenosis

SMD = standardized mean

difference
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Studies looking at adult patients with acquired PVS
found stent placement to be superior to BA, especially
when larger stents can be deployed (11,12).

Histologic evaluation of PVS pathology suggests
that myofibroblastic proliferation contributes impor-
tantly to the disease and may play a role in aggressive
recurrence (13). Recent reports have suggested that
inhibiting proliferation could temper the progression
of disease. As a result, many centers have used anti-
proliferative and anti-inflammatory strategies when
treating PVS. Drug-eluting stents (DES), initially
introduced to alleviate coronary artery neointimal
hyperplasia (14–17), have been implanted in infants
and small children with PVS, who have had particu-
larly poor outcomes (1,3,4,10,18). In a porcine model,
DES were found to reduce in-stent stenosis compared
with bare-metal stents (BMS) when placed in PVs (19).
Outcomes following DES implantation in children
with PVS are limited to case reports and small series
that constitute a subset of larger reviews. The objec-
tive of our study was to compare survival following
transcatheter intervention, including BA and BMS
and DES implantation, in pediatric patients with PVS.

METHODS

PATIENTS. We retrospectively reviewed data from all
patients <18 years of age who underwent catheter
intervention for PVS from January 2005 to April 2016
at Children’s Healthcare of Atlanta. The patients were
identified through review of our database of
TABLE 1 Patient Characteristics

Total
(n ¼ 30)

D
(n ¼

Demographics

Male 15 (50) 7 (

Age (months) 6.4 (4.3–9.9) 6.4 (4

Weight (kg) 5.5 (7.9–6.3) 5.9 (5

Preterm (<36 weeks) 14 (47) 6 (

Very preterm (<32 weeks) 10 (33) 3

Genetic syndrome 7 (23) 6 (

Cardiac disease

Congenital heart disease* 20 (67) 13

Single ventricle 6 (20) 3 (

Bilateral vein disease 11 (36) 6 (

History of TAPVR/PAPVR 12 (40) 6 (

Surgical history

Previous vein surgery 15 (50) 9 (

Time from first surgery (months) 3.1 (1.3–5.7) 2.5 (0

Time from last surgery (months) 1.4 (1.2–3.4) 1.4 (0

Length of follow-up (months) 4.0 (2.1–37.7) 12.4 (3

Values are n (%) or median (range). *Congenital heart disease necessitating surgery, ex

BA ¼ balloon angioplasty; BMS ¼ bare-metal stent(s); DES ¼ drug-eluting stent(s);
difference; TAPVR ¼ total anomalous pulmonary venous return.
catheterization procedures. Patient charac-
teristics and demographics were noted,
including age and weight at first PV inter-
vention, the presence of associated congen-
ital heart disease, and history of prior PV
intervention. PV disease was characterized
as: 1) unilateral or bilateral; 2) primary or
secondary (defined as post-surgical, either for
total or partial anomalous pulmonary venous
return or primary PVS); 3) and by the number

of PVs intervened upon both at index catheter-based
intervention and later. Approval was obtained from
the Institutional Review Board at Children’s Health-
care of Atlanta.

CARDIAC CATHETERIZATION. Techniques and in-
dications for PV dilation and stent implantation have
been described previously (20–24). PVS was confirmed
during catheterization with pulmonary artery wedge
angiography or with directed injections into each PV.
Access to the left atrium was through either a patent
foramen ovale, atrial septal defect, or via transseptal
puncture. Choice of intervention was determined by
the operator. Balloon or stent diameter was also
determined by the operator, on the basis of the
angiographic size of the vessel. Type of DES (i.e.,
everolimus eluting vs. paclitaxel eluting vs. zotar-
olimus eluting) was not chosen by the operator for
specific immunomodulatory effect, but rather
DES type was selected by availability. All digital
angiograms from the index case were reviewed.
ES
16)

BMS
(n ¼ 5)

BA
(n ¼ 9) SMD

43) 2 (40) 6 (67) 0.368

.3–13.8) 7.0 (2.5–8.9) 6.0 (4.3–12.1) 0.386

.2–6.4) 4.9 (4.1–5.9) 5.2 (4.7–6.8) 0.475

43) 2 (40) 6 (75) 0.502

(21) 2 (40) 5 (63) 0.596

38) 0 1 (11) 0.747

(81) 4 (80) 3 (33) 0.735

19) 2 (40) 1 (11) 0.466

38) 3 (60) 2 (22) 0.544

38) 4 (80) 2 (22) 0.904

56) 4 (80) 2 (22) 0.896

.6–5.7) 2.4 (1.2–4.9) 17.9 (2.9–32.9) 0.744

.6–2.5) 1.3 (1.1–4.4) 17.7 (2.5–32.9) 0.722

.2–33.2) 2.5 (1.3–34.3) 3.0 (0.8–47.0) 0.210

cluding patent ductus arteriosus.

PAPVR ¼ partial anomalous pulmonary venous return; SMD ¼ standardized mean



TABLE 2 Individual Vein Characteristics

Total
(n ¼ 58)

DES
(n ¼ 30)

BMS
(n ¼ 10)

BA
(n ¼ 18) SMD

Previous surgery 36 (62) 22 (73) 8 (80) 6 (33) 0.502

Discrete stenosis 42 (72) 21 (70) 9 (90) 12 (67) 0.369

Long segment 16 (28) 9 (30) 1 (10) 6 (33) 0.369

Intervention characteristics

Stent/balloon diameter (mm) 4.0 (3.5–14.0) 4.0 (3.5–5.0) 5.0 (4.0–12.0) 5.0 (3.0–14.0) 0.890

Measurement of stenosis (mm) 1.7 (1.2–2.2) 1.4 (1.0–2.0) 1.7 (1.6–2.4) 1.8 (1.5–2.5) 0.514

Widest point (mm) 3.7 (3.0–4.4) 3.6 (2.9–4.1) 3.9 (3.2–5.0) 4.2 (3.5–5.3) 0.534

Post-intervention measurement (mm) 3.5 (3.2–4.1) 3.6 (3.4–3.9) 4.9 (3.8–5.4) 3.3 (2.5–3.7) 0.201

Reinterventions

>1 catheter-based intervention 22 (38) 15 (50) 4 (40) 3 (16.7) 0.581

>1 total interventions* 24 (41) 16 (53) 4 (40) 4 (22) 0.480

Surgery after catheter intervention 8 (14) 5 (17) 0 3 (17) 0.516

Values are n (%) or median (absolute range). *Includes first catheter intervention and any surgery or catheter intervention following the first catheter intervention.

Abbreviations as in Table 1.

FIGURE 1 Patient

Survival curve for all

post-intervention bu
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Areas of obstruction were classified as discrete or
long segment. Measurement of the area of stenosis
was made before and after angioplasty or stent place-
ment. For long-segment stenosis, the location of the
balloon or stent waist was used as the site of vessel
measurement.

DATA ANALYSIS. Patient demographics, diagnosis,
mortality, and total reintervention were reported
with each patient (i.e., not each treated PV) as the
Survival

patients demonstrates rapid decline in survival in the first year

t stabilization past 1 year.
index unit. Rate of atresia and reintervention on
individual veins were reported with the stented or
angioplastied vein as the index unit.

The primary outcome assessed was mortality
following transcatheter PV intervention. Secondary
outcomes included PV reintervention (both trans-
catheter and surgical) and vein loss (a composite of
vein atresia or patient death). For the purpose of
testing the hypothesis that immunomodulatory
stents (i.e., DES) have superior efficacy, the cohorts
undergoing BMS implantation and undergoing BA
were combined as the “nonimmunomodulatory”
cohort. Data are expressed as median (interquartile
range) or as number (percentage). When comparing
2 variables, categorical variables were analyzed
using the Fisher exact test, and nonparametric
continuous variables were assessed using the Mann-
Whitney U test. Time-dependent survival analyses
were performed using Kaplan-Meier log rank anal-
ysis. A p value of <0.05 was considered to indicate
statistical significance. Data analysis for 2 variables
was performed using SPSS version 23.0 (IBM,
Armonk, New York). When comparing 3 variables,
standardized mean differences (SMD) were calculated
in R version 3.3.2 using the package “tableone”
(R Foundation for Statistical Computing, Vienna,
Austria). An SMD of <0.49 was considered a slight or
small difference, an SMD of 0.50 to 0.79 was consid-
ered a moderate difference, and an SMD >0.80 was
considered a large difference.

RESULTS

Between 2005 and 2016, 30 patients underwent
catheter-based intervention for PVS at a median age



TABLE 3 Univariate Analysis of All-Cause Mortality

Total
(N ¼ 30)

Deceased
(n ¼ 14)

Alive
(n ¼ 16) p Value

Demographics

Age (months) 6.4 (4.3–9.9) 5.9 (3.8–9.6) 7.7 (4.4–13.8) 0.377

Weight (kg) 5.5 (7.9–6.3) 5.1 (4.6–6.0) 5.8 (5.2–6.4) 0.142

Preterm (<36 weeks) 14 (47) 8 (67) 6 (40) 0.252

Very preterm (<32 weeks) 10 (33) 7 (58) 3 (20) 0.057

Genetic syndrome 7 (23) 2 (14) 5 (31) 0.399

Cardiac disease

Congenital heart disease* 20 (67) 7 (50) 13 (81) 0.122

Single ventricle 6 (20) 2 (14) 4 (25) 0.657

Bilateral vein disease 11 (36) 5 (36) 6 (38) >0.999

History of TAPVR/PAPVR 12 (40) 4 (29) 8 (50) 0.284

Surgical history

Previous vein surgery 15 (50) 6 (43) 9 (56) 0.715

Time from first surgery (months) 3.1 (1.3–5.7) 1.5 (0.9–3.3) 4.4 (1.8–15.7) 0.181

Time from last surgery (months) 1.4 (1.2–3.4) 1.3 (0.9–1.4) 2.6 (1.3–15.5) 0.059

Catheter intervention

DES placed at first intervention 16 (53) 5 (36) 11 (69) 0.141

>1 catheter-based intervention 12 (40) 2 (14) 10 (63) 0.011

>1 total intervention† 14 (47) 2 (14) 12 (75) 0.001

Surgery after catheter intervention 5 (17) 0 (0) 5 (31) 0.045

Time between interventions (months)‡ 3.7 (2.1–8.2) 1.6 (0.8–2.4) 4.8 (2.5–9.3) 0.088

Values are median (range) or n (%). Categorical variables were analyzed using the chi-square test, and continuous
variables were analyzed using the Mann-Whitney U test. *Congenital heart disease necessitating surgery, excluding
patent ductus arteriosus. †Includes first catheter intervention and any surgery or catheter intervention following the
first catheter intervention. ‡Includes all interventions (surgical and catheter) after first catheter intervention.

Abbreviations as in Table 1.

FIGURE 2 Patient Survival: Intervention Type

Kaplan-Meier analysis comparing survival of patients who received drug-eluting stents

(DES) against patients who received either balloon angioplasty or bare-metal stents

(nonimmunomodulatory therapy).
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of 6.4 months (4.3 to 9.9 months). Fifteen of the
patients (50%) had undergone previous surgical PV
repair, including total or partial anomalous pulmo-
nary venous return repair (n ¼ 12 [40%]) and surgical
repair of primary PVS (n ¼ 3 [10%]). The remaining
15 patients (50%) underwent primary catheter inter-
vention, and these patients were all diagnosed with
idiopathic PVS.

Among the 30 patients, 9 (30%) underwent BA,
5 (17%) underwent BMS implantation, and 16 (53%)
underwent DES implantation. Four patients (13%)
had multiple therapies for different PVs at initial
catheter-based intervention. Demographic data are
summarized in Table 1.

Among the 30 patients, 58 individual veins were
intervened upon, with a median of 2 (range 1 to 5)
PVs per patient. The veins were characterized
as either discrete (n ¼ 42 [72%]) or long segment
(n ¼ 16 [28%]). Thirty veins (52%) underwent DES
implantation. The DES agents included everolimus
(n ¼ 21 [70%]), zotarolimus (n ¼ 7 [23%]), and
paclitaxel (n ¼ 2 [7%]). Ten veins (17%) underwent
BMS implantation, and 18 (31%) underwent BA
alone. Only 1 patient underwent cutting BA of a
single PV; the remaining BA interventions used
conventional balloons. The DES were smaller
in diameter than the BMS and balloons for BA
(SMD ¼ 0.890) (Table 2). Although the DES had
smaller diameters than the balloons used for BA,
veins that underwent BA had smaller immediate
post-intervention diameters than veins that under-
went DES or BMS implantation (SMD ¼ 0.201)
(Table 2). There was no difference in the rate of
reintervention by manner of catheter intervention.
Vein intervention characteristics are summarized in
Table 2. Detailed information on intervention type
provided in Online Table 1.

MORTALITY. Follow-up duration for the cohort was a
median of 30.6 months (range 77 days to 10.5 years).
Fourteen patients (47%) died at a median of 2.0
months (0.4 to 3.2 months) following intervention.
The causes of death for all of these patients were
directly related to PVS, including right heart failure,
pulmonary hypertension, and respiratory failure.
Overall survival rates at 1 month and 1 year were 83%
and 51%, respectively (Figure 1). Mortality was not
associated with age or weight at first catheter-based
intervention, single-ventricle physiology, bilateral
vein involvement, or prior surgical intervention.
There was also no significant association between
intervention type and mortality. Survival was better
in patients who underwent repeat intervention (sur-
gical or catheter based) following primary catheter

http://dx.doi.org/10.1016/j.jcin.2017.05.052


FIGURE 3 Patient Survival: Reintervention

(A) Kaplan-Meier analysis comparing survival between patients who underwent catheter and/or surgical reintervention and patients who did not undergo reintervention

demonstrates improved survival with reintervention. (B) Kaplan-Meier analysis comparing survival on the basis of the number of catheter and/or surgical interventions

from the first catheter intervention. Survival appears to improve with increasing number of interventions.
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intervention (p ¼ 0.001). Mortality data are summa-
rized in Table 3.

The DES cohort was compared with patients un-
dergoing BA and BMS placement, who combined were
considered the nonimmunomodulatory cohort in a
Kaplan-Meier survival analysis. The survival rates at
1 year were 68% for the DES group and 33% for the
nonimmunomodulatory group (log-rank p ¼ 0.067)
(Figure 2).

The survival rate at 1 year for patients who un-
derwent reintervention (surgical or catheter) was
84% compared with 25% for patients who did not
undergo reintervention (log-rank p ¼ 0.007). The
relative risk for 1-year survival in patients who
underwent reintervention compared with those who
did not was 4.09 (95% confidence interval: 1.43 to
11.69). This survival advantage was found to be
greater with increasing number of interventions, with
survival rate at 1 year of 100% in patients with $3
interventions, 53% in patients with 2 interventions,
and 25% in patients with 1 intervention (Figures 3A
and 3B).

In an attempt to understand if reintervention was
truly protective against mortality or if survivors
merely were afforded an opportunity for reinterven-
tion, we excluded patients who died within 1 month
of primary catheter intervention and performed
Kaplan-Meir analysis on the remaining cohort. This
was based on our clinical practice of encouraging
repeat catheterization 6 weeks after initial interven-
tion. This analysis likewise demonstrated a survival
advantage in patients who underwent reintervention,
with a 1-year survival rate of 84% compared with
36% in patients who did not undergo reintervention
(log-rank p ¼ 0.013).

ATRESIA. Among the 31 veins in 16 survivors, 7 veins
(22%) were found to be atretic in 7 patients (44%).
Atresia was noted by angiography and occurred at a
median time of 12.1 months (7.3 to 31.2 months). One
of the patients who developed left upper and lower
PV atresia ultimately underwent pneumonectomy
because of recurrent, severe hemoptysis. In 2 of the
14 patients who died, 4 of 27 veins (15%) had previ-
ously been noted to be atretic by angiography before
death. Hence, a total of 11 veins in 9 patients became
atretic following intervention; the median time to
discovery of atresia in these 11 veins was 7.3 months
(2.1 to 14.8 months). Ten patients who died did not
undergo repeat catheterization following the inter-
vention and thus had no documentation of the status
of the PV at the time of death.

Of the 9 patients with documented atresia, 7 (78%)
had evidence of decompressing collateral formation



FIGURE 4 Collateral Formation

(A) Patient #1: angiogram demonstrating left upper pulmonary vein atresia (star) with decompressing interlobar pulmonary venovenous

collateral vessels (arrows) to the patent left lower pulmonary vein (asterisk). (B) Patient #2: angiogram demonstrating atresia of the

previously stented left upper pulmonary vein (star) with decompressing interlobar pulmonary venovenous collateral vessels (arrows) to the

stenotic left lower pulmonary vein, which had previously been stented (asterisk). (C) Patient #3: angiogram demonstrating left upper

pulmonary vein atresia (star) with a vertical decompressing pulmonary vein–to–systemic vein collateral vessel (arrow) to the innominate

vein (asterisk).
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by angiography. Collateral formation included inter-
lobar pulmonary venovenous collateral vessels
(n ¼ 4) (Figures 4A and 4B) and PV–to–systemic vein
collateral vessels (n ¼ 3) (Figure 4C). Of the 7 patients
with collateral formation, 5 (71%) were alive at most
recent follow-up.

Vein loss, defined as actual PV atresia or PVs of un-
certain status in deceased patients, occurred in 34
veins (59%) at a median time of 3.3 months (1.0 to
5.0 months). Overall vein patency rates at 1 month
and 1 year were 86% and 44%, respectively. Vein loss
was not associated with type of stenosis (discrete or
long segment), intervention type, stent or balloon
diameter, or pre-intervention measurement of steno-
sis. Post-surgical PVS and veins that had larger post-
intervention measurements were associated with
vein survival (p ¼ 0.03 and p ¼ 0.013, respectively).
Consistent with overall patient mortality, veins that
underwent reintervention (catheter based or surgical)
had lower rates of vein loss (p<0.001). Vein survival is
summarized in Table 4.

The vein survival rate at 1 year for individual veins
that underwent more than 1 procedure was 88%
compared with a 1-year survival rate of 18% for
veins that did not undergo reintervention (log-rank
p < 0.001). The relative risk for 1-year vein survival
when a vein had more than 1 intervention was 5.00
(95% confidence interval: 2.37 to 10.55) compared
with the veins that had only 1 catheter intervention.
This survival advantage was again noted to be asso-
ciated with increasing number of interventions, with
1-year survival for veins undergoing $3 procedures
of 100% compared with 75% for 2 procedures and
18% for 1 procedure (Figures 5A and 5B).



TABLE 4 Univariate Analysis of Vein Survival

Total
(n ¼ 58)

Vein Loss
(n ¼ 34)

Patent
(n ¼ 24) p Value

Vein characteristics

Previous surgery 36 (62) 17 (50) 19 (79) 0.030

Discrete stenosis 42 (72) 24 (71) 18 (75) 0.773

Long segment 16 (28) 10 (29) 6 (25) 0.773

Intervention characteristics

First intervention DES 30 (52) 15 (44) 15 (63) 0.192

Stent/balloon diameter (mm)* 4.0 (3.5–14.0) 4.0 (3.5–8.0) 4.0 (3.0–14.0) 0.937

Measurement of stenosis (mm) 1.7 (1.2–2.2) 1.7 (1.4–2.1) 1.6 (1.0–2.2) 0.654

Pre-intervention widest point (mm) 3.7 (3.0–4.4) 3.6 (2.8–4.2) 4.1 (3.5–5.1) 0.067

Post-intervention measurement (mm) 3.5 (3.2–4.1) 3.5 (3.1–3.8) 3.8 (3.5–4.1) 0.013

Reinterventions

>1 catheter intervention 22 (38) 3 (9) 19 (79) <0.001

>1 total intervention† 24 (41) 4 (12) 20 (83) <0.001

Surgery after catheter intervention 8 (14) 1 (12.5) 7 (29) 0.007

Values are n (%) or median (range). Categorical variables were analyzed using the chi-square; continuous vari-
ables were analyzed using the Mann-Whitney U test. *Median (absolute range). †Includes first catheter inter-
vention and any surgery or catheter intervention following the first catheter intervention.

DES ¼ drug-eluting stent(s).
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When comparing vein loss by intervention type,
1-year vein survival in PVs treated with primary DES
implantation was higher than PVs treated with BA or
BMS (nonimmunomodulatory group) (59% vs. 26%,
log-rank p ¼ 0.031) (Figure 6).

REINTERVENTION. Fourteen patients (47%) under-
went a total of 25 reinterventions, including addi-
tional DES placement (n ¼ 5 [20%]), BMS placement
(n ¼ 2 [8%]), stent dilation or BA (n ¼ 13 [52%]), and
PV surgery (n ¼ 5 [20%]) for recurrent PVS. Among the
patients who had surgical reintervention, 3 patients
initially had catheter reintervention ultimately fol-
lowed by surgical PV repair, and 2 patients had sur-
gical PV repair after first catheter-based intervention.
Surgery included pericardial well procedure in all 5
patients with stent removal in all 3 patients with
existing PV stents. In the 12 patients who underwent
catheter reintervention, 19 veins were reintervened
upon because of recurrent stenosis, and 5 of these
patients had new vein involvement that required
intervention. Median time to first reintervention was
3.1 months (2.2 to 7.0 months).

Within the DES cohort, 8 of 16 patients (50%) un-
derwent catheter reintervention, and 3 of 16 patients
(18%) had PV surgery, with a median time between
interventions of 3.5 months (1.3 to 7.7 months) after
DES placement. Within the BMS cohort, 3 of 5 patients
(60%) underwent catheter reintervention, with a
median of 2.4 months (2.4 to 17.5 months) between
interventions. Within the BA cohort, 1 of 9 patient
(11%) underwent catheter reintervention, and 2 of
9 patients (22%) underwent PV surgery, with a me-
dian time between interventions of 4.8 months (3.9
to 5.7 months). Rates of reintervention are summa-
rized in Table 5. Reintervention rates within individ-
ual veins are summarized in Table 6.

When looking at rates of surveillance following the
initial catheter intervention, 19 patients (63%) had at
least 1 follow-up catheterization at a median of 2.9
months (2.1 to 3.3 months). At first follow-up cathe-
terization, only 8 of 19 patients (42%) underwent a
reintervention, and 2 of these 8 patients required
intervention on newly affected veins. The remaining
11 patients (58%) did not undergo repeat intervention
at first follow-up catheterization. The time to first
catheterization was no different in patients who un-
derwent reintervention (2.4 months [2.1 to 3.1
months]) compared with those who only had diag-
nostic catheterization (2.9 months [2.1 to 5.9 months])
(p ¼ 0.351). There was no difference in mortality
among the patients who had an intervention (n ¼ 2 of
8 [25%]) at first follow-up catheterization compared
with those who did not have an intervention (n ¼ 2 of
11 [18%]) (p ¼ 0.999); however, vein survival was
greater in veins that underwent intervention at first
follow-up catheterization (p ¼ 0.04). Rates of rein-
tervention are summarized in Table 5.

DISCUSSION

This retrospective study was undertaken to evaluate
the outcomes of children who underwent catheter-
based intervention for PVS. We had a relatively
large cohort of pediatric patients at a single institu-
tion with both primary and post-surgical PVS.
Although many different types of intervention have
been attempted for PVS, all of our patients underwent
BA, BMS placement, or DES placement.

Our patient population was diagnosed with PVS at
a young age, which has been shown in previous
studies to be an independent predictor of increased
mortality compared with older age at diagnosis
(8,18,25). Similar to prior studies, single-ventricle
physiology was not associated with increased mor-
tality in our patient population. Interestingly, our
data indicated that the presence of bilateral PVS
was not associated with mortality. This finding is
different from previous publications, which indicate
that diffuse, bilateral PVS is a risk factor for mortality
(5,18,25).

Although transcatheter procedures for PVS have
historically been thought of as primarily palliative
(1,4), we have shown reasonable outcomes in our
patients who underwent DES placement. Consistent
with previous reports, BA alone was shown to be



FIGURE 5 Vein Survival: Reintervention

(A) Kaplan-Meier analysis comparing survival between veins that underwent catheter and/or surgical reintervention and veins that did not undergo reintervention

demonstrates improved vein survival in veins that underwent reintervention. (B) Kaplan-Meier analysis comparing vein survival on the basis of the number of catheter

and/or surgical interventions from the first catheter intervention. Vein survival appears to improve with increasing number of interventions.

FIGURE 6 Vein Survival: Intervention Type

Kaplan-Meier analysis comparing vein survival in veins treated with drug-eluting stents

(DES) against balloon angioplasty or bare-metal stents (nonimmunomodulatory

therapy).
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acutely successful, but midterm success is limited
(6,8,11,20). Our survival analysis shows early mortal-
ity with all types of transcatheter interventions and
stable survival beyond 6 months from intervention.
Once patients reach 1 year post-intervention, survival
appears likewise to stabilize. We found that patients
who return for surveillance catheterization and un-
dergo reintervention, when indicated, have improved
survival than those who do not. Because of this, rates
of reintervention in our patient population for all
intervention types are high in survivors, which is
consistent with previous reports (6,9,10). The early
mortality we have seen in all intervention types in
combination with the survival advantage we found in
patients who receive reintervention, would suggest
that early routine surveillance catheterization should
be undertaken so that restenosis can be detected and
intervened on early. However, our study is not pow-
ered to determine the precise relationship between
reintervention and survival. That is, reintervention
may reasonably be considered an important element
in the transcatheter approach to PVS to maintain or
optimize PV patency. In contrast, one could argue
that the survival bias colors the current analysis and
that nonsurvivors never had an opportunity for
reintervention. Our focused analysis excluding early
post-intervention mortality was aimed at addressing
this significant limitation and also showed improved
survival in patients who underwent reintervention.
Although mortality rates decreased significantly
by 1 year post-intervention, the rates of vein loss
persisted beyond 1 year. That vein loss rates do not
mirror survival is interesting and, perhaps, indicates



TABLE 5 Reintervention by Patient

Total
(n ¼ 30)

DES
(n ¼ 16)

BMS
(n ¼ 5)

BA
(n ¼ 9) SMD

Number of catheter interventions* 1 (1–4) 2 (1–4) 2 (1–3) 1 (1–2) 0.723

Number of total interventions* 1 (1–4) 2 (1–4) 2 (1–3) 1 (1–3) 0.573

>1 catheter intervention 12 (40) 8 (50) 3 (60) 1 (11) 0.774

>1 total intervention† 14 (47) 9 (56) 3 (60) 2 (22) 0.550

Surgery after catheter intervention 5 (17) 3 (19) 0 (0) 2 (22) 0.507

Time between interventions (months)‡ 3.7 (2.1–8.2) 3.5 (1.3–7.7) 2.4 (2.4–17.5) 4.8 (3.9–5.7) 0.405

Values are median (range) or n (%). *Median (total range). †Includes first catheter intervention and any surgery or catheter intervention following the first catheter
intervention. ‡Includes all interventions (surgical and catheter) after first catheter intervention.

Abbreviations as in Table 1.
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intrinsic compensation to PVS and atresia. The late
and possibly gradual development of PV atresia may
provide sufficient time for the patient to develop
venovenous collateral vessels to compensate for the
change in their physiology, as we noted in 5 of our
survivors with documented atresia. This collaterali-
zation may in fact be protective; however, our study
is insufficiently powered to address this question.

Balasubramanian et al. (10) showed that a stent
diameter >7 mm was a predictor of patency following
stent placement for PVS (10). Accordingly, adult
studies have also shown a size-dependent success
rate for larger stents (11,12). Although it is likely
beneficial, with regard to rates of restenosis and the
need for reintervention, to have a larger stent diam-
eter, there are situations in which patients have small
vessels that cannot accommodate a larger stent. That
was, of course, the case in the majority of our pa-
tients. The majority of stents placed in our patient
population were coronary stents, with only 1 stent
>7 mm in diameter. We were interested in success
rates in different types of stents and/or BA. Although
we did not evaluate stent diameter as a marker of
success, the median stent lumen and balloon diam-
eter among the groups was similar, so the survival
TABLE 6 Reintervention by Individual Vein

Total
(n ¼ 58) (n

Number of catheter interventions* 1 (1–4) 1

Number of total interventions* 1 (1–4) 2

>1 catheter intervention 22 (38) 15

>1 total intervention† 24 (41) 16

Surgery after catheter intervention 8 (14) 5

Time between interventions (months)‡ 3.4 (2.3–7.3) 3.6

Values are median (range) or n (%). *Median (absolute range). †Includes first cathete
intervention. ‡Includes all interventions (surgical and catheter) after first catheter interv

Abbreviations as in Table 1.
rate is primarily showing the difference between the
interventions as opposed to size.

There is an inherent limitation to DES due to the
small maximum luminal diameter in currently avail-
able DES, which have a maximal rated diameter of
4.0 mm. In our study, DES implantation appears to be
superior to BMS implantation or BA when assessing
the rate of vein loss. This suggests that the immu-
nomodulatory effects of DES may be beneficial for
PVS when comparing with BMS of similar diameter.
This is consistent with previous reports in adult cor-
onary studies and a porcine model with stented
PVs, which demonstrated decreased in-stent stenosis
in DES compared with BMS (16,19). Additionally, the
pathological evaluation by Sadr et al. (13) showing
myofibroblastic proliferation as the etiology of PVS
suggests that antiproliferative therapy would provide
benefit to patients with PVS. The local release of
antiproliferative drugs with DES may attenuate the
progression of disease, resulting in improvement in
survival. Although the mechanism of PVS in adults is
different from that in our pediatric population, De
Potter et al. (26) also found DES to be an effective
treatment in adults for PVS following radiofrequency
ablation despite the limitation in the stent luminal
DES
¼ 30)

BMS
(n ¼ 10)

BA
(n ¼ 18) SMD

(1–4) 1 (1–3) 1 (1–2) 0.800

(1–4) 1 (1–3) 1 (1–2) 0.565

(50) 4 (40) 3 (17) 0.581

(53) 4 (40) 4 (22) 0.480

(17) 0 (0) 3 (17) 0.516

(2.1–7.3) 2.4 (2.2–25.0) 4.5 (2.8–19.4) 0.701

r intervention and any surgery or catheter intervention following the first catheter
ention.



PERSPECTIVES

WHAT IS KNOWN? PVS in pediatric patients is a progressive

disease that is difficult to treat. Evaluation of catheter-based

intervention has been limited and has shown suboptimal survival

in pediatric patients.

WHAT IS NEW? Despite size limitations of DES, this

intervention is a reasonable treatment option in pediatric

patients with PVS. Frequent surveillance catheterization is

important to identify the need for reintervention early when

restenosis occurs, as this may help improve survival in these

patients.

WHAT IS NEXT? Because of the limited studies available, larger

multicenter trials would be beneficial in the further evaluation of

catheter-based intervention on PVS in pediatric patients. Addi-

tionally, evaluation of newer modalities, including drug-eluting BA,

should be further evaluated.
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diameter. More studies will need to be undertaken
to further evaluate the efficacy of DES for inhibiting
the progression of PVS. This observation also suggests
that it may be warranted to evaluate drug-eluting
balloons as a therapy for PVS, as this may provide
the benefit of delivering antiproliferative drugs to the
site of injury without the inherent limitation of a
small luminal diameter with DES.

STUDY LIMITATIONS. As this was a retrospective
study, the patients were not randomized to each
intervention type. There were no standardized
criteria for intervention on the stenotic PVs, and we
were unable to control for interoperator variability
and decision making, including which veins to inter-
vene on and which method to use; however, at our
institution, surgical repair of PVS is usually consid-
ered first-line. All post-surgical patients included in
our study were discussed with the surgical team
regarding candidacy for surgical repair of PVS before
undergoing catheter-based intervention. Addition-
ally, we were unable to control for both practitioner-
and patient-specific factors that resulted in variations
in follow-up time. Our overall sample size was small,
but for this rare disease entity, this is a relatively
large cohort that has undergone catheter-based
intervention for PVS.

CONCLUSIONS

Children with pulmonary vein stenosis are at risk for
post-intervention mortality. Reintervention appears
to confer a significant survival benefit to this at-risk
population. We were unable to find a survival benefit
associated with use of drug-eluting stents. Clearly
this disease process would benefit from the conduc-
tance of a large, multicenter study.

ADDRESS FOR CORRESPONDENCE: Dr. Christopher
J. Petit, 2835 Brandywine Road, Suite 300, Atlanta,
Georgia 30341. E-mail: petitc@kidsheart.com.
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