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BACKGROUND: Despite the use and purported benefits of balloon atrial septostomy (BAS), its
safety, efficacy, and therapeutic role in the setting of advanced pulmonary arterial hyper-
tension (PAH) are not well defined.

OBJECTIVE: The goal of this study was to conduct a systematic review and meta-analysis to
better determine the evidence supporting the use of BAS in PAH.

METHODS: MEDLINE, Scopus, Cochrane Library, and Clinicaltrials.gov were searched from
inception through May 2018 for original studies reporting outcomes with PAH prior to and
following BAS. Studies comparing BAS vs other septostomy procedures were excluded.
Weighted mean differences and 95% CIs were pooled by using a random effects model.

RESULTS: Sixteen studies comprising 204 patients (mean age, 35.8 years; 73.1% women) were
included. Meta-analysis revealed significant reductions in right atrial pressure (–2.77 mm Hg
[95% CI, –3.50, –2.04]; P < .001) and increases in cardiac index (0.62 L/min/m2 [95% CI,
0.48, 0.75]; P < .001) and left atrial pressure (1.86 mm Hg [95% CI, 1.24, 2.49]; P < .001)
following BAS, along with a significant reduction in arterial oxygen saturation (–8.45% [95%
CI, –9.93, –6.97]; P < .001). The pooled incidence of procedure-related (48 h), short-term (#
30 day), and long-term (> 30 days up to a mean follow-up of 46.5 months) mortality was
4.8% (95% CI, 1.7%, 9.0%), 14.6% (95% CI, 8.6%, 21.5%), and 37.7% (95% CI, 27.9%, 47.9%),
respectively.

CONCLUSIONS: The present analysis suggests that BAS is relatively safe in advanced PAH,
with beneficial hemodynamic effects. The relatively high postprocedural and short-term
survival with less impressive long-term survival suggest a bridging role for BAS; its contri-
bution to this change needs to be verified by using a comparator group.
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Pulmonary arterial hypertension (PAH) is a fatal disease
associated with increased pulmonary vascular resistance
that eventually progresses to right-sided heart failure
(RHF).1 Patients who fail to respond to maximal
combination therapy, including parenteral prostacyclin,
are sometimes referred for lung transplantation as a last
resort.2 Unfortunately, many patients with PAH are
deemed to be either nontransplant candidates or
experience excessively long wait times and die while on
the waiting list,3 highlighting the need for alternate
salvage therapies. Despite the absence of randomized
controlled evidence, the recommended method of shunt
creation by current guidelines is balloon atrial
septostomy (BAS) (Class IIb, Level C evidence).2 BAS
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may be considered in patients with PAH who are
awaiting lung transplantation who have insufficient
response to maximal medical therapy or when medical
therapy is not tolerated or unavailable.

Several studies have indeed reported improved
hemodynamic parameters and reduced symptoms
following BAS in patients with PAH.1,4 However,
because most reported data are from small, uncontrolled
series, the safety, efficacy, and therapeutic role of BAS in
the management of advanced PAH remain undefined.
We therefore conducted a systematic review and meta-
analysis to further explore and clarify the evidence
surrounding this procedure in patients with PAH.
Materials and Methods
Data Sources and Search Strategy

This systematic review was conducted in accordance with the Preferred
Reporting Items of Systematic Review and Meta-Analysis reporting
standards.5 MEDLINE, Scopus, Cochrane Library, and Clinicaltrials.
gov were searched from inception through May 2018 for original
articles reporting outcomes in patients with PAH prior to and
following BAS. No restrictions were placed with respect to time of
publishing. Only articles in English were considered. The complete
list of search terms used in each database is outlined in e-Table 1.
All citations were exported to Endnote Reference Manager version
X7.5 (Clarivate Analytics), and duplicates were removed.

Study Selection

Articles were initially short-listed according to title and abstract and
were finalized by reviewing full texts and applying predetermined
inclusion/exclusion criteria. The study selection procedure was
performed by two independent reviewers (E. A. and M. M. M.), and
disagreements were resolved by consultation with a third reviewer
(M. S. K.). Original articles reporting hemodynamic and clinical
outcomes prior to and following BAS in patients with PAH were
included. Editorials, review articles, case reports, and studies
consisting of fewer than three patients were excluded.

Data Extraction and Assessment of Study Quality

Two independent investigators (E. A. and M. M. M.) extracted data
onto a standardized abstraction form. Hemodynamic outcomes of
interest included mean right atrial pressure (RAP), arterial oxygen
saturation (SaO2), cardiac index, cardiac output, left atrial pressure
(LAP), mean pulmonary artery pressure (PAP), and mean arterial
pressure (MAP). We also planned to assess changes in pulmonary
vascular resistance (n ¼ 1), stroke volume (n ¼ 0), stroke volume
index (n ¼ 0), pulmonary artery compliance (n ¼ 0), arterial
elastance (n ¼ 0), heart rate (n ¼ 1), systolic and diastolic BPs
(n ¼ 0), 6-min walk distance (n ¼ 2), brain natriuretic peptide
(n ¼ 2), glomerular filtration rate (n ¼ 0), and creatinine (n ¼ 2)
following BAS; however, these outcomes could not be analyzed
because of the low number of studies (represented by “n” following
each outcome).

Mortality rates and procedural complications were also extracted and
pooled. Quality of included studies was assessed by using the
Newcastle-Ottawa scale for observational studies.6 Although we also
intended to conduct Registry to Evaluate Early and Long-Term
Pulmonary Arterial Hypertension Disease Management (REVEAL)
risk score calculations in the included studies, none of the studies
reported the minimum of seven evaluable elements that are required
to maintain significant predictive power.7,8

Statistical Analysis

RevMan version 5.3 (Cochrane Collaboration) was used for meta-
analysis of continuous variables. Continuous variables were pooled by
using a random effects model9 to estimate weighted mean differences
with 95% CIs. Categorical variables are presented as proportions
subjected to Freeman-Tukey double arcsine transformation10 and
pooled to obtain pooled estimates with 95% CIs using random effects
modeling. Between-study heterogeneity was quantified by using the
Cochrane I2 statistic, with I2 ¼ 25% to 50%, 50% to 75%, and >

75% indicating mild, moderate, and severe heterogeneity, respectively.
Egger regression test with visual inspection of the funnel plot was used
to test for publication bias. To account for differences in patient
populations investigated across studies, subgroup analysis was
conducted, stratifying studies with > 50% children (aged < 18 years)
into pediatric populations and those with < 50% children as adult
populations; the c2 test was used to examine differences between
subgroups. Multivariate random effects meta-regression analysis was
performed to assess the contribution of mean age (years), female sex
(percentage), percentage of patients with history of syncope, and
idiopathic-type PAH (percentage) to heterogeneity in key outcomes.
Open Meta-Analyst software (Brown University School of Public
Health) was used to conduct meta-regression and categorical
proportion meta-analyses. P values < .05 were considered statistically
significant.
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Figure 2 – Asymmetrical funnel plot indicating evidence of publication
bias. MD ¼ mean difference.
Results
The literature search process is detailed in the PRISMA
flowchart (Fig 1). Sixteen noncomparative observational
studies comprising 204 patients with PAH were included
in the final analysis (Table 1).1,4,11,14,19-30 All individual
studies had small (n < 35) sample sizes. The mean age of
patients ranged from 6 to 56 years. On average, studies
consisted of a majority (73.1%) of women with a history of
syncope (50.6%) and RHF (53.4%) as the most commonly
documented indications for the BAS procedure. The
majority of studies (n ¼ 10) reported either partial or
complete resolution of syncopal symptoms. Visual
inspection of funnel plot and Egger regression found
evidence of publication bias for mean RAP (P [2-tailed] <
.001) (Fig 2). The high risk of bias was suggested in
methodologic quality assessment of studies, mainly due to
the lack of a comparison group (Table 2).

The results of the meta-analysis for hemodynamic
outcomes are summarized in Figure 3.
Records identified through
database searching
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Figure 1 – Literature search process outlined according to Preferred Reportin
pulmonary arterial hypertension.

chestjournal.org
1. RAP: Nine studies reported data on mean RAP (99
patients). Mean RAP was significantly reduced
following BAS (–2.77 mm Hg [–3.50, –2.04]; P <

.001) (Fig 4).
nal records identified
ugh other sources

(n = 4)

s

Records excluded
(n = 214)

• Review (n = 12)
• Case report (n = 8)
• Device/blade septostomy (n = 7)
• Non-PAH population (n = 5)
• Correspondence (n = 4)
• Language (n = 4)
• Pharmacotherapy (n = 2)
• No outcome of interest (n = 7)

Full-text articles excluded,
with reasons

g Items of Systematic Review and Meta-Analysis flow diagram. PAH ¼
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TABLE 1 ] Study and Patient Demographic Characteristics

Study/Year
No. of
Patients

Mean Age, y/
Female Sex, %

NYHA Functional
Class (I/II/III/IV) Patient Population RHF, %

History of Syncope, %/
Syncope Relieved, %

Idiopathic
PAH, %

Spontaneous
Closure, No.

Post-BAS
Follow-up
Time, mo

Nihill et al19/1991 3 34.0/100 NR Adults 66.6 33.3/100 66.7 NR 16.0

Thanopoulos et al20/1996 6 6.1/NR NR Children NR 50.0/100 100.0 NR 48.0

Hayden21/1997 6 35.0/83.3 6 (IV) Children/adults 16.7 83.3/100 100.0 NR 17.0

Sandoval et al22/1998 15 33.0/86.7 1 (II),
4 (III), 10 (IV)

Adults 20.0 46.7/100 100.0 4 36.0

Rothman et al23/1999 12 37.0/83.3 NR Children/adults NR 50.0/50.0 75.0 1 14.0

Pepke-Zaba et al24/2000 9 43.0/66.7 NR Adults NR 100.0/77.8 88.9 1 2.6

Kothari et al14/2002 11 16.2/36.4 NR Children/adults 90.9 27.3/100 64.0 NR 60.0

Allcock et al25 /2003 9 56.4/100 6 (IV), 3 (III) Adults 0.0 100.0/100 67.0 2 36.0

Reichenberger et al26/
2003

17 40.0/71.0 7 (III), 10 (IV) Adults NR 23.5/NR 76.0 2 31.6

Ciarka et al11/2007 11 48.0/54.5 5 (III), 6 (IV) Adults 90.9 18.2/NR 54.5 NR 0.0

Kurzyna et al27/2007 11 33.0/54.5 NR Adults 81.8 NR/NR 81.8 6 20.2

Sandoval et al28/2011 34 35.0/85.0 NR Adults 41.0 26.0/NR 85.0 10 138.0

Baglini1/2013 11 42.5/45.5 4 (III), 7 (IV) Adults NR NR/NR 73.0 NR 12.0

Kuhn et al29/2015 16 47.6/75.0 NR Adults 100.0 62.5/NR 43.8 4 61.5

Chiu et al4/2015 23 23.0/74.0 NR Children/adults 46.0 41.0/57.9 63.0 NR 184.3

Martin et al30 /2016 10 43.5/80.0 NR Adults 50.0 50.0/100 60.0 3 67.0

BAS ¼ balloon atrial septostomy; NR ¼ not reported; NYHA ¼ New York Heart Association; PAH ¼ pulmonary arterial hypertension; RHF ¼ right-sided heart failure.
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TABLE 2 ] Quality Assessment of Included Studies According to the Newcastle-Ottawa Scale

Study/Year

Selection Comparability Outcome

S1 S2 S3 S4 C1 C2 O1 O2 O3

Nihill et al19/1991 . . * * * . . * *

Thanopoulos et al20/1996 . . * * * . . . *

Hayden21/1997 . . * * * . . . *

Sandoval et al22/1998 . . * * * . . * *

Rothman et al23/1999 . . * * * . . . *

Pepke-Zaba et al24/2000 . . * * * . . . *

Kothari et al14/2002 . . * * * . . . *

Allcock et al25 /2003 . . * * * . . * *

Reichenberger et al26/2003 . . * * * . . . *

Ciarka et al11/2007 . . * * * . . . *

Kurzyna et al27/2007 . . * * * . . . *

Sandoval et al28/2011 . . * * * . . * .

Baglini1/2013 . . * * * . . * *

Kuhn et al29/2015 . . * * * . . * *

Chiu et al4/2015 . . * * * . . * .

Martin et al30 /2016 . . * * * . . * *

The asterisks indicate that the study has accounted for that variable (ie, low risk of bias for that variable). C1 and C2 ¼ comparability of cohorts on the basis
of the design or analysis; O1 ¼ assessment of outcome; O2 ¼ was follow-up long enough for outcomes to occur; O3 ¼ adequacy of follow-up of cohorts;
S1 ¼ representativeness of the exposed cohort; S2 ¼ selection of the nonexposed cohort; S3 ¼ ascertainment of exposure; S4 ¼ demonstration that
outcome of interest was not present at start of study.
2. Cardiac index: Fourteen studies provided data on the
cardiac index (185 patients). BAS exhibited a signifi-
cant increase in cardiac index (0.62 L/min/m2 [0.48,
0.75]; P < .001) (Fig 5).

3. LAP: LAP was reported in six studies (67 patients).
LAP was significantly decreased following BAS
(1.86 mm Hg [1.24, 2.49]; P < .001) (Fig 6).

4. PAP: Mean PAP values were reported in seven
studies (113 patients). BAS did not significantly
lower mean PAP (–0.76 mm Hg [–4.62, 3.11]; P ¼
.70) (Fig 7).

5. MAP: Three studies reported data on MAP following
BAS (39 patients). No significant change in MAP was
observed following BAS (–0.94 mm Hg [–5.82, 3.94];
P ¼ .71) (Fig 8).
Study or Subgroup

1. RAP (9 studies; 99 patients)

4. PAP (7 studies; 113 patients)
5. MAP (3 studies; 39 patients)

–2.77 (–3.50 to –2.

6. Sao2 (16 studies; 204 patients) –8.45 (–9.93 to –6.

–0.76 (–4.62 to 3.
–0.94 (–5.82 to 3.

3. LAP (6 studies; 67 patients) 1.86 (1.24 to 2.
2. Cardiac index (14 studies; 185 patients) 0.62 (0.48 to 0.

Mean Differenc

IV, Random, 95%

Figure 3 – Summary of results of meta-analysis. BAS ¼ balloon atrial septost
pulmonary artery pressure; RAP ¼ right atrial pressure; RHF ¼ right-sided

chestjournal.org
6. SaO2: A total of 16 studies contained adequate data on
SaO2 (204 patients). A significant reduction in SaO2 was
observed following BAS (–8.45% [–9.93, –6.97]; P <

.001) (Fig 9).

With respect to the meta-analysis of procedural
complications:

1. Postprocedural (48 h) complications: Fifteen studies
reported complications related to the procedure up to
48 h following BAS. The most common pooled proce-
dural complication was hypoxemia, occurring in
3.0% (0.5%-6.7%) of patients. Procedure-related mor-
tality is reported separately.

2. Spontaneous septostomy closure: Nine studies re-
ported this outcome at a mean follow-up of
04)

97)

10)
94)

48)
76)

e

 CI

Mean Difference

IV, Random, 95% CI

Decreased With BAS Increased With BAS

50–5 10–10

omy; LAP ¼ left atrial pressure; MAP ¼ mean arterial pressure; PAP ¼
heart failure; SaO2 ¼ arterial oxygen saturation.
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Heterogeneity: Tau2 = 0.09; c2 = 6.16, df = 6 (P = .41); I2 = 3%
Test for overall effect: z = 5.83 (P < .00001)

Heterogeneity: Tau2 = 0.00; c2 = 6.37, df = 8 (P = .61); I2 = 0%
Test for overall effect: z = 7.40 (P < .00001)
Test for subgroup differences: c2 = 0.09, df = 1 (P = .76); I2 = 0%

Heterogeneity: Tau2 = 0.00; c2 = 0.07, df = 1 (P = .79); I2 = 0%
Test for overall effect: z = 2.01 (P = .04)

Weight

4.3%
76.9%
0.9%
2.9%
2.2%
0.7%
1.9%

89.9%

2.0%
8.1%

10.1%

100.0%

Study or Subgroup

1.13.1 Adult

1.13.2 Pediatric

Ciarka 2007
Chiu 2015

Hayden 1997
Kuhn 2015
Kurzyna 2007
Nihill 1991
Rothman 1999
Subtotal (95% CI)

Kothari 2002
Thanopoulos 1996
Subtotal (95% CI)

Total (95% CI)

–1.40 (–4.92 to 2.12)
–3.00 (–3.84 to –2.16)

0.50 (–3.84 to 4.84)
–0.80 (–5.70 to 4.10)
0.80 (–8.08 to 9.68)

–5.00 (–10.34 to 0.34)
–2.74 (–3.66 to –1.82)

–3.00 (8.15 to 2.15)
–2.20 (–4.78 to 0.38)

–2.36 (–4.66 to –0.06)

–2.77 (–3.50 to –2.04)

–7.00 (–14.55 to 0.55)

Mean Difference

IV, Random, 95% CI

Mean Difference

IV, Random, 95% CI

Decreased With BAS Increased With BAS

50–5 10–10

Figure 4 – Forest plot outlining mean difference in mean RAP following BAS compared with prior to BAS. See Figure 3 legend for expansion of
abbreviations.

Heterogeneity: Tau2 = 0.03; c2 = 20.95, df = 11 (P = .03); I2 = 47%
Test for overall effect: z = 8.26 (P < .00001)

Heterogeneity: Tau2 = 0.03; c2 = 26.32, df = 13 (P = .02); I2 = 51%
Test for overall effect: z = 9.08 (P < .00001)
Test for subgroup differences: c2 = 0.04, df = 1 (P = .84); I2 = 0%

Heterogeneity: Tau2 = 0.10; c2 = 5.35, df = 1 (P = .02); I2 = 81%
Test for overall effect: z = 2.29 (P = .02)

WeightStudy or Subgroup

1.9.1 Adult

1.9.2 Pediatric

Nihill 1991
Pepke-Zaba 2000
Reichenberger 2003
Rothman 1999
Sandoval 1998
Sandoval 2011
Subtotal (95% CI)

Kothari 2002
Thanopoulos 1996
Subtotal (95% CI)

Total (95% CI)

Chiu 2015 0.10 (–0.57 to 0.77)
Ciarka 2007 0.80 (0.55 to 1.05)
Hayden 1997 1.00 (0.53 to 1.47)
Kuhn 2015 0.33 (–2.62 to 3.28)
Kurzyna 2007 0.24 (–0.05 to 0.53)

7.7%
11.5%
19.2%

100.0%

Baglini 2013 0.76 (0.64 to 0.88)15.1%

1.8%
6.2%
8.2%
6.0%
5.5%
8.8%

80.8%
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0.62 (0.47 to 0.77)

0.30 (–0.06 to 0.66)
0.80 (0.57 to 1.03)
0.57 (0.08 to 1.06)

0.62 (0.48 to 0.75)

0.46 (0.03 to 0.89)

Mean Difference

IV, Random, 95% CI

Mean Difference

IV, Random, 95% CI

Decreased With BAS Increased With BAS

10–1 2–2

Figure 5 – Forest plot outlining mean difference in mean cardiac index following BAS compared with prior to BAS. See Figure 3 legend for expansion
of abbreviations.
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Heterogeneity: Tau2 = 12.01; c2 = 9.76, df = 5 (P = .08); I2 = 49%
Test for overall effect: z = 0.16 (P = .87)

Heterogeneity: Tau2 = 10.60; c2 = 10.52, df = 6 (P = .10); I2 = 43%
Test for overall effect: z = 0.38 (P = .70)
Test for subgroup differences: c2 = 0.66, df = 1 (P = .42); I2 = 0%

Heterogeneity: Not applicable
Test for overall effect: z = 0.90 (P = .37)

WeightStudy or Subgroup

1.10.1 Adult

1.10.2 Pediatric

Nihill 1991
Sandoval 1998
Sandoval 2011
Subtotal (95% CI)

Kothari 2002
Subtotal (95% CI)

Total (95% CI)

Chiu 2015 3.00 (–7.42 to 13.42)
Ciarka 2007 1.00 (–2.34 to 4.34)
Kuhn 2015 7.50 (–0.86 to 15.86)

7.1%
7.1%
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6.8%
17.0%
16.8%
92.9%
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28.8%
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Figure 6 – Forest plot outlining mean difference in mean PAP following BAS compared with prior to BAS. See Figure 3 legend for expansion of
abbreviations.
46.5 months (range, 0-184 months). The pooled
incidence of spontaneous septostomy closure was
23.8% (15.5%-33.0%).

With respect to the meta-analysis of survival associated
with BAS, 16 studies reported data on mortality
following BAS at a mean follow-up of 46.5 months
(range, 0-184 months). The pooled incidence of
procedure-related (48 h), short-term (# 30 day), and
long-term (> 30 days) mortality was 4.8% (1.7%-9.0%),
14.6% (8.6%-21.5%), and 37.7% (27.9%-47.9%),
respectively.
Heterogeneity: Tau2 = 0.00; c2 = 0.66, df = 1 (P = .42); I2 = 0%
Test for overall effect: z = 0.75 (P = .45)

Heterogeneity: Tau2 = 0.00; c2 = 1.16, df = 2 (P = .56); I2 = 0%
Test for overall effect: z = 0.38 (P = .71)
Test for subgroup differences: c2 = 0.50, df = 1 (P = .48); I2 = 0%

Heterogeneity: Not applicable
Test for overall effect: z = 0.27 (P = .79)
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–0.94 (–5.82 to 3.94)
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Mean Difference

IV, Random, 95% CI

Decreased With BAS Increased With BAS
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Figure 7 – Forest plot outlining mean difference in MAP following BAS compared with prior to BAS. See Figure 3 legend for expansion of abbreviation
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The results of multivariate meta-regression analysis are
summarized in Table 3. Meta-regression analysis could
not significantly attribute heterogeneity to study-level
covariates of mean age, female sex, proportion of
syncopal history, or proportion of patients with
idiopathic PAH for mean RAP and SaO2. Mean age,
however, was found to significantly contribute to the
heterogeneity observed in the cardiac index estimate
(coefficient, 0.025; P < .001). Meta-regression was not
performed for the other outcomes because of the low
number of studies reporting these parameters.
s.
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Heterogeneity: Tau2 = 0.00; c2 = 2.99, df = 3 (P = .39); I2 = 0%
Test for overall effect: z = 5.14 (P < .00001)

Heterogeneity: Tau2 = 0.00; c2 = 3.47, df = 5 (P = .63); I2 = 0%
Test for overall effect: z = 5.84 (P < .00001)
Test for subgroup differences: c2 = 0.36, df = 1 (P = .55); I2 = 0%

Heterogeneity: Tau2 = 0.00; c2 = 0.11, df = 1 (P = .74); I2 = 0%
Test for overall effect: z = 2.84 (P = .004)

WeightStudy or Subgroup
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Figure 8 – Forest plot outlining mean difference in LAP following BAS compared with prior to BAS. See Figure 3 legend for expansion of abbreviations
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Figure 9 – Forest plot outlining mean difference in mean SaO2 following BAS compared with prior to BAS. See Figure 3 legend for expansion of
abbreviations.
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TABLE 3 ] Results of Random Effects Meta-Regression Analysis

Covariate

RAP SaO2 Cardiac Index

Coefficient P Value Coefficient P Value Coefficient P Value

Mean age, y –0.106 .129 –0.005 .955 0.025 < .001a

Female sex 0.114 .092 –0.046 .497 –0.005 .267

Syncope, % –0.104 .110 0.009 .831 0.006 .118

Idiopathic PAH, % –0.078 .255 0.010 .859 0.006 .259

RAP ¼ right atrial pressure; SaO2 ¼ arterial oxygen saturation. See Table 1 legend for expansion of other abbreviation.
aStatistically significant.
Subgroup analysis stratifying study populations into
pediatric and adult groups did not result in significantly
different results for any of the outcomes of interest. The
test for interaction between adult (–8.01% [–9.57, –6.44];
P < .001) and pediatric (–11.68% [–13.56, –9.80]; P <

.001) subgroups for SaO2 was, however, significant (P ¼

.003).

Discussion
This comprehensive systematic review and meta-
analysis comprising 212 patients with PAH found that
BAS significantly improved important hemodynamic
parameters, namely RAP, LAP, and the cardiac index,
while also resulting in a reduction in SaO2. The
interpretation of mortality rates associated with BAS is
challenging because of the high-risk patient population
and the absence of randomized or comparative studies
as part of the meta-analysis. Despite these issues,
approximately 50% of patients remained alive at long-
term follow-up, and the overall complication rate
associated with the procedure was relatively low.

The mechanism by which the BAS technique works
easily explains the improvements in hemodynamic
parameters. An artificially created right-to-left interatrial
septal shunt, as occurs with BAS, improves left
ventricular filling (reported herein as an increase in
LAP) and systemic cardiac output. Although the shunt
will induce systemic hypoxemia (as seen by the reported
drop in SaO2), the increase in systemic cardiac output
(albeit with desaturated blood) coupled with an expected
reactive polycythemia often results in a net increase in
oxygen tissue delivery that may prove to be clinically
beneficial.11 Conversely, the BAS procedure should be
generally avoided in patients with PAH with an RAP >

20 mm Hg or a preprocedural SaO2 < 90% due to
concerns surrounding excessive right-to-left shunting
that may result in pulmonary edema and/or profound
hypoxemia.2,12 In fact, a baseline RAP > 20 mm Hg has
been associated with a > 10-fold increased risk of
chestjournal.org
mortality in this subset of patients.13 Two of the studies
in our analysis consisted of such patients with
preprocedural RAP > 20 mm Hg, which might have
contributed to the overall mortality rates, leading to
contemporary guidelines suggesting caution. Other
predictors of mortality included a pulmonary vascular
resistance index of 55 Wood units/m2 and an expected
1-year survival < 40%.14 It is plausible that a pulmonary
vascular resistance index of this extent may indicate a
stage of disease that is beyond salvage even with BAS,
although additional studies investigating this parameter
are warranted.

Interestingly, we observed greater improvement in the
cardiac index following BAS with increasing age on
meta-regression analysis. This finding could possibly be
explained by the general decline in cardiac index
associated with aging overall (and hence the
proportionately greater net increase in cardiac index
with BAS).15 Conversely, the average age of patients in
the meta-analysis was 26.2 years, with only one study
having patients aged > 50 years. In addition, the
pediatric and adult subgroups differed significantly with
respect to the reduction in SaO2. The exact reason
behind this finding is unclear; however, it can serve to be
hypothesis-generating for future studies. Given the
relatively small sample size even with pooling of data
from 16 studies, these observations should be
interpreted cautiously.

We also observed that nearly one-quarter of patients
(23.8%) experienced spontaneous closure of the
septostomy. Although additional risk is likely to be
incurred with repeated procedures, the risk associated
with an initial, excessively large septostomy could be
devastating. To prevent sudden precarious drops in SaO2
or increases in left ventricular end-diastolic pressure,16 a
graded balloon dilatation technique should be used,
repeating the procedure as many times as needed to
achieve the desired result. This approach of staged
procedures is considered to be safer due to the stepwise
61
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increase in the diameter of the induced defect; however,
as a consequence, it is also accompanied by a higher risk
of spontaneous closure of the septostomy, which is
much less common in other variations of septostomy
creation, most notably blade and BAS.14 Our pooled
analysis showing an incidence of spontaneous
septostomy closure of 23.8% with BAS is significantly
higher than the approximately 3% closure rate that has
been reported following blade and BAS in other
studies.17

Currently, BAS has an important, albeit limited role in
the treatment of PAH. Our meta-analysis of survival
seems to suggest a “bridging” role for septostomy at a
minimum (ie, to possible future transplantation),
although it could be argued that achieving an
approximately 50% 4-year survival rate in a cohort of
patients with PAH experiencing RHF and/or syncope is
an acceptable result irrespective of future therapeutic
options. Although BAS is unlikely to influence the
disease process of PAH itself, the procedure generates
beneficial hemodynamic changes, including decreased
RAP and increased cardiac index, both of which are
consistently associated with improved survival in the
PAH patient population.18 In fact, it has been argued
that this may be one of the reasons why survival of PAH
associated with Eisenmenger syndrome is superior to
that in patients with other types of PAH, including
idiopathic PAH.

The true benefit of BAS is likely unable to be fully
assessed from small, nonrandomized individual
studies, as it is often unclear whether the change in
outcomes resulted from the intervention itself or
whether co-interventions or even background medical
therapy were also responsible for the outcome of
interest. Thus, meta-analyses such as the present one
are often needed to better characterize the evidence in
the absence of randomized clinical trials. In addition,
the likelihood of a randomized trial of BAS occurring
in the near future is low. First, the perceived benefits
of BAS for a declining patient with PAH may dissuade
physicians from enrolling patients into such a
randomized trial in which a significant fraction of
patients will ultimately not receive the intervention.
Moreover, although cross-over to the BAS arm could
be an adjudicated outcome, the relatively narrow
therapeutic window of the safety of BAS (ie, avoidance
62 Original Research
of severe RHF) may preclude this possibility as well.
In addition, the financial support for such a trial in the
current era of about 15 approved drugs/formulations
of targeted PAH therapies despite its orphan disease
designation would be difficult. Finally, the overall
rarity of the disease and the limited number of centers
with operators experienced in the BAS intervention
might also limit the ability to enroll in such a study.
Despite such hurdles, the present meta-analysis
supports the continued, albeit judicious use of BAS in
select patients with advanced stages of PAH. Studies
aiming to further improve BAS techniques, such as
cryoplasty to freeze the margins of the newly created
atrial defect to help sustain patency, are ongoing
(PROPHET trial).31

The present meta-analysis is not without limitations.
First, as mentioned, none of the included studies had a
control group. Second, the effect of concomitant
background medical therapy, including the use of
parenteral prostanoid therapy, could not be assessed
and could therefore result in confounding. In
addition, inherent to many meta-analyses, most the
included studies were small, potentially leading to
imprecise estimates, including the approximation of
means and SDs from median and interquartile ranges.
Lastly, certain variables of interest such as changes in
pulmonary vascular resistance, stroke volume, stroke
volume index, heart rate, pulmonary artery
compliance, arterial elastance, 6-min walk distance,
brain natriuretic peptide, glomerular filtration rate,
creatinine, and REVEAL risk calculation8 could not be
assessed due to the limited number of
studies reporting such variables. Thus, the
results of this meta-analysis should be
interpreted with caution, keeping in mind its inherent
limitations.

Conclusions
BAS seems to be a relatively safe procedure associated
with largely favorable hemodynamic outcomes in
carefully selected patients with PAH. Short-term
survival supports its consideration as a bridging
procedure (ie, to lung transplantation), and longer term
survival may rival contemporary medical treatments in
patients with advanced stages of this uniformly fatal
disease.
[ 1 5 6 # 1 CHE S T J U L Y 2 0 1 9 ]
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