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Abstract This study sought to determine the safety and

effectiveness of cryo-balloon angioplasty (CbA) for pul-

monary vein stenosis (PVS) in pediatric patients. Current

therapy options for PVS are less than satisfactory due to

recurrent progressive restenosis and neointimal prolifera-

tion. Catheterization database, hospital records, imaging

studies, and pathologic specimens were reviewed for pro-

cedural-related and outcomes data in all patients who

underwent pulmonary vein (PV) CbA using the Boston

Scientific PolarCath Peripheral Dilation System between

August 2006 and June 2009. Thirteen patients (19 PVs;

median age 13 months [range 3.5 months to 18.5 years]

and weight 7.9 kg [range 3.8 to 47.7]) underwent CbA.

Mean PVS diameter after CbA increased from 2.19 (±0.6)

to 3.77 (±1.1) mm (p \ 0.001). Mean gradient decreased

from 14 (±7.4) to 4.89 (±3.2) mm Hg (p \ 0.001). Mean

stenosis–to–normal vein diameter ratio increased from 0.52

(±0.15) to 0.89 (±0.33) (p \ 0.001). Eight patients

underwent repeat catheterization a mean of 5.6 months

(±3.66) later. Improved PVS diameter was maintained in 2

PVs. Four veins had restenosis but maintained diameters

greater than that before initial CbA. In 11 PVs, the diam-

eter decreased from 4.28 (±1.14) to 2.53 (±0.9) mm

(p = 0.001). Mean gradient increased from 3.55 (±3.0) to

14.63 (±9.6) mm Hg (p = 0.011). All vessels underwent

repeat intervention with acute relief of PVS. Stroke

occurred within 24 h of CbA in 1 patient. CbA of PVS is

safe and results in acute relief of stenosis. However, CbA

appears minimally effective as the sole therapy in main-

taining long-term relief of PVS.
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Background

Pulmonary vein stenosis (PVS) is a relatively rare condi-

tion with an incidence of two to three cases per year per

institution in most series [16] and represents \0.5% of all

congenital heart disease [6]. It can be primary or acquired

after surgical repair of anomalous pulmonary venous con-

nection or other cardiac surgery. Historically it has been

difficult to manage; if untreated, it has a poor prognosis.

Although the newer ‘‘sutureless’’ surgical repair has shown

improved results, nearly half of all patients still develop

restenosis requiring reintervention [2, 15, 19, 28]. Both

standard and novel transcatheter interventions have been

used, both alone and in combination, but with only limited

success and only in a small number of patients [1, 3, 4, 8,

17, 18, 20, 24, 26].

Cryo-balloon angioplasty (CbA) is a new therapy that

combines standard balloon angioplasty with the application

of cryotherapy. To date, it has been used primarily in adults

for the treatment of peripheral vascular disease and renal

artery stenosis [7, 10, 13, 14, 27]. It is thought to prevent

neointimal hyperplasia by inducing apoptosis of smooth

muscle cells, thus minimizing restenosis [14]. The objec-

tive of this study was to determine the safety and effec-

tiveness of CbA in the treatment of PVS in pediatric

patients.
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Methods

We retrospectively reviewed the catheterization database,

hospital records, imaging studies, and available pathologic

specimens to collect procedural-related and outcomes data

in all patients who underwent pulmonary vein (PV) CbA at

Children’s Hospital Colorado, Denver, CO, using the

PolarCath Peripheral Dilation System (Boston Scientific,

Natick, MA) between August 2006 and June 2009.

Approval for the study was obtained from the Colorado

Multiple Institutional Review Board.

Patients

A total of 13 patients (19 PVs; median age 13 months

[range 3.5 months to 18.5 years] and weight 7.9 kg [range

3.8–47.7]) underwent CbA. Eleven had primary PVS, and 2

were status post-repair of total anomalous pulmonary

venous return. Seven patients had additional structural

heart lesions. Three PVs had undergone previous surgical

therapy, and 3 had undergone previous transcatheter ther-

apy. Table 1 lists the patient demographics, diagnoses, and

previous treatments.

Catheterization Details

All catheterizations were performed with the patient under

general anesthesia. Access to the left atrium was by way of

existing patent foramen ovale or atrial septal defect or after

transseptal puncture using standard technique. Various

end-hole catheters were used to access the individual PVs

and to measure pressures proximal to the area of stenosis

relative to the left atrial pressures. Selective hand-injection

angiograms were performed to measure the diameter of the

stenosis as well as the diameter of adjacent ‘‘normal’’

vessel in the more proximal aspect of the respective PV.

(Figures 1, 2, 3).

The PolarCath Peripheral Dilation System consists of a

PEBAX material, nitrous oxide–expanded dual-balloon

catheter. Within the balloon, the liquid nitrous oxide con-

verts to gas, resulting in a pressure of 8 atm and a surface

temperature of –10�C. A microprocessor unit controls

inflation and cooling of the balloon, which lasts for 20 s,

after which the balloon is manually deflated. This inflation

time is particularly important to consider in patients with

stenosis or atresia of other PVs because it can result in a

prolonged and significant decrease in cardiac output. Bal-

loons are available in diameters of 4–8 mm, and are all

2 cm in length. They are delivered by way of 6F to 8F

sheaths over a 0.035-inch wire.

Although not based on a specific protocol, the diameter

of the CbA balloon used was selected so that it was

approximately 2–3 times the minimal stenosis diameter

(median 2.86 [range 1.82–3.58]) and 1–1.5 times the

diameter of the adjacent normal vessel (median 1.31 [range

0.87–2.07]). In the first two patients, the vein was predi-

lated using cutting-balloon angioplasty before treatment

with a CbA of the same balloon diameter. In only one

patient (no. 7) was the vein subsequently redilated using

a larger-diameter standard balloon (9 mm after 8-mm

CbA) during the same procedure. Final angiogram was

performed to assess for both vessel injury and response

Table 1 Patient demographics

Patient no. Sex Age (mo) Wt (kg) Vessel Associated defects Previous interventions

1 F 222 47.7 LU PVS s/p stent Sutureless surgical repair, balloon dilation,

stenting and subsequent repeat dilations

2 M 60 15.6 LL HLHS s/p Fontan Balloon dilation

3 M 14 7 LL HLHS/mixed TAPVR Surgical repair of TAPVR/left veins,

balloon dilation

4 F 22 9.9 LU and RU ILD, MAS

5 F 5 3.8 RU and RL LPV atresia

6 F 4 4.8 LL and RL PVS

7 M 44 11.6 LU PVS

8 F 9 7.4 RU PVS

9 M 51 16.2 LL Mixed TAPVR Surgical repair of TAPVR

10 M 13 7.9 LL Ebstein’s, PVS

11 M 12 7.9 LPV, RU, and RM VSD, LSVC

12 F 4 5.4 LU and LL ASD, VSD

13 F 3.5 4.8 LPV HLHS

s/p status post, ASD atrial septal defect, HLHS hypoplastic left heart syndrome, ILD interstitial lung disease, LL left lower, LPV left pulmonary

vein, LSVC left superior vena cava, LU left upper, MAS macrophage activation syndrome, RL right lower, RM right middle, RU right upper,

TAPVR total anomalous pulmonary venous return
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to treatment. Postdilation pressure measurements were

obtained in the proximal vein and left atrium.

Statistical Analysis

Data are expressed as medians with ranges or as means

with SDs when appropriate. Paired Student t test was used

to compare differences in vessel diameter and gradient

before and after CbA, and p \ 0.05 was considered sta-

tistically significant.

Results

Initial Results

Table 2 lists both the initial result of balloon dilation using

CbA as well as the findings at follow-up catheterization

(where available). Acute improvement in the stenosis

diameter was achieved in all cases. Angiographic PVS

diameter after CbA increased from a mean of 2.19 (±0.6)

to 3.77 (±1.1) mm (p \ 0.001). Mean gradient decreased

from 14 (±7.4) to 4.89 (±3.2) mm Hg (p \ 0.001). Mean

stenosis diameter–to–normal vein diameter ratio increased

from 0.52 (±0.15) to 0.89 (±0.33) (p \ 0.001).

Follow-Up Results

Eight patients (11 PVs) underwent follow-up catheteriza-

tion a mean of 5.6 (±3.66) months after initial CbA.

Improved PVS diameter was maintained in only 2 PVs

(18%). Four additional veins (36%) had restenosis but

maintained a diameter greater than that before initial CbA.

In 11 PVs, PVS diameter decreased from 4.28 (±1.14) to

2.53 (±0.9) mm (p = 0.001), and the mean gradient

increased from 3.55 (±3.0) to 14.63 (±9.6) mm Hg

(p = 0.011). Although not directly assessed or measured,

there was no significant appreciable extension of the ste-

nosis into more proximal sections of the affected PVs. All

vessels both repeat intervention using CbA resulting in

acute relief of the stenosis.

One patient underwent lung transplantation after repeat

non-CbA. Three patients died: two from progressive PVS

leading to respiratory arrest within months of initial CbA

and one from unknown causes 3 months after a second

CbA.

Fig. 1 Acute relief of stenosis. a Pre- and post-CbA PV stenosis

diameter (mean shown in red). b Pre- and post-CbA mean gradient

across stenotic PV (group mean shown in red)

Fig. 2 Follow-up data. a Initial, post-CbA, and follow-up vessel

diameters (mean shown in red). b Initial, post-CbA, and follow-up

mean gradients (mean shown in red)
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Adverse Events

Stroke of unclear etiology occurred within 24 h of CbA in

one patient. Although it must be assumed that this was

related to the catheterization, neither postdilation angiog-

raphy nor echocardiography showed evidence of thrombus

in the left atrium or PVs.

Discussion

To our knowledge, this is the first description of the use of

CbA in the treatment of PVS. However, it is not the first

novel approach that has been used to combat this frus-

trating lesion. Similar to other rare congenital heart dis-

eases for which there is no established effective

intervention, many varied techniques have been tried to

treat stenotic PVs.

Initial transcatheter interventions with both standard and

high-pressure balloon angioplasty [4] had only limited

success, particularly in maintaining long-term vessel

patency. Similarly, initial reports as well as a recent larger

series [18, 20, 24] of cutting-balloon angioplasty demon-

strated acute relief of stenosis but failed to prevent reste-

nosis in the longer term. Our experience with CbA is

similar to these in that initial dilations are quite successful

but lack the longevity of successful interventions seen in

other vascular beds.

Case reports and small series on stent placement [1, 17,

26] have also shown disappointing results, with most

patients requiring early and often multiple reinterventions

secondary to restenosis. Covered stents [8], drug-eluting

stents [3], systemic chemotherapy [12], and even intrastent

sonotherapy [17] have all been used with limited effect in

individual patients or in small numbers of patients and

primarily after previous angioplasty or stent treatment with

early restenosis.

What, if anything, can be gleaned from this collection of

studies when taken together? First and foremost is the fact

that essentially all PV interventions, both surgical and

catheter-based, are hampered by restenosis, which almost

universally occurs due to neointimal hyperplasia. Although

this reaction is not unique to PVs, it certainly seems to be

more robust and relentless compared with the cellular

response to intervention that occurs in other segments of

the vasculature.

Fig. 3 a Representative left upper PV injection showing focal

stenosis at insertion to the left atrium. b Success relief of stenosis

after CbA

Table 2 Acute and follow-up results

Result Stenosis

diameter (mm)

Mean gradient

(mm Hg)

Stenosis: normal

vessel ratio

Restenosis diameter

at follow-up (mm)

Change in mean gradient

at follow-up (mm Hg)

n 19 19 19 11 11

Pre-CbA 2.19 (±0.6) 14 (±7.4) 0.52 (±0.15)

Post-CbA 3.77 (±1.1) 4.89 (±3.2) 0.89 (±0.33) 4.28 (±1.1) 2.53 (±0.9)

F/U 3.55 (±3.0) 14.63 (±9.6)

p \0.001 \0.001 \0.001 0.001 0.011

F/U Follow-up
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For example, neointimal hyperplasia is known to have a

significant impact on both short- and long-term success in

coronary artery interventions, and much of the research

relating to the mechanism of neointimal proliferation

comes from adult and animal-based studies. This research

has suggested multiple mechanisms behind the vascular

response to injury. In fact, all of the novel approaches

described previously, including our own, target one or

more of these mechanisms as their basis for potential

efficacy.

CbA combines the dilation force of balloon angio-

plasty with the delivery of cold thermal energy to the

vessel wall with the intent of inducing apoptosis of

smooth muscle cells to prevent neointimal hyperplasia

and thereby minimize restenosis [7]. Cooling time and

temperature have been extrapolated mostly from in vitro

and animal studies [27]. One possible reason for the poor

long-term efficacy we observed is that balloon tempera-

tures achieved and/or the time period of exposure that

occur in vivo are not adequate for induction of maximum

apoptosis.

Although much has been discovered about the multi-

factorial process that leads to PV restenosis, there is still

much to learn, including how to best modulate, hamper,

or even prevent it. Perhaps just as important, we must

define how PVS is different than stenosis in other vas-

cular beds. One area of research that may shed light on

this process is molecular analysis of pathologic speci-

mens of PVS [23]. Early data suggest that intimal

lesional cells are myofibroblast-like based on diffuse

immunoreactivity for smooth-muscle cell markers. This

finding lends support for interventional techniques, such

as CbA and other therapies that specifically target

smooth-muscle cells.

Another common factor related to successful therapy in

PVS is that size matters. One early study found that larger

PV size at the time of diagnosis is a strong independent

predictor of survival in patients with total anomalous pul-

monary venous return [11]. Both younger age and greater

initial pulmonary artery pressure at diagnosis, both of

which correlate with PV size, have been shown to be

predictors of death and/or lung transplantation [9]. Unfor-

tunately, two recent studies both found that PVS occurs

more frequently in preterm infants [5, 25], suggesting that

this subgroup may have an even worse prognosis.

The importance of vessel size has also been recog-

nized in adults with acquired PVS after radiofrequency

ablation or isolation for treatment of atrial fibrillation.

Two of the larger series have shown that vessels

achieving larger postdilation diameters ([9 mm) remain

stenosis-free for longer periods, suggesting that dilation

to a certain ‘‘threshold’’ size may result in long-term

patency [21, 22].

Future Directions

Our results demonstrate that CbA is comparable with tradi-

tional, high-pressure cutting balloons in terms of safety and

acute effectiveness in decreasing PV stenosis. It has been

suggested that aggressive treatment and reintervention may

eventually slow the progress of PV restenosis [16, 25].

Repeat CbA intervention may have an added benefit com-

pared with standard balloons in terms of sequential or

additive decrease in intimal hyperplasia. Therefore, our

current approach, in the absence of more definitive treat-

ments, involves frequent surveillance and repeated sequen-

tial intervention and dilation primarily using CbA.

Limitations

Our study is retrospective, and patients were not random-

ized. In addition, our overall sample size is small. How-

ever, given the rare occurrence of this disease, we believe

that this represents a relatively large number of cases given

the short time frame of the study. This likely reflects the

fact that our center is a referral center for pulmonary

hypertension, thus leading to the increased number of

patients with PVS.

Conclusion

Despite being uncommon, PVS remains a challenging

clinical problem. Surgical repair techniques, as well as

currently available catheter-based interventions, have pro-

ven to be less than optimal, and recurrent and progressive

restenosis is all too common. Our report demonstrates that

CbA of PVS is safe and results in acute relief of stenosis.

However, CbA appears minimally effective as the sole

therapy in maintaining long-term relief of PVS. Further

research, including evaluation of repeat CbA therapy, is

needed.
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