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Abstract

Pulmonary endarterectomy (PEA) may not achieve full clearance of vascular

obstructions in patients with more distal chronic thromboembolic pulmonary

hypertension (CTEPH). Balloon pulmonary angioplasty (BPA) may be indicated to

treat these residual vascular lesions. We compared whether patients post‐PEA (PP)

treated by BPA derived similar benefit to those who had inoperable CTEPH (IC),

and assessed predictors of BPA response after surgery. We treated 109 patients

with BPA—89 with IC and 20 PP. Serial right heart catheterization performed at

baseline (immediately before BPA) and 3 months after completing BPA, compared

pulmonary vascular resistance (PVR), mean pulmonary artery pressure (mPAP) as

well as change in WHO functional class and 6‐minute walk distance. We also

assessed the impact of total thrombus tail length (TTTL) from photographed PEA

surgical specimens and PP computed tomography pulmonary angiography

(CTPA)‐quantified residual disease burden on BPA response. PP and IC groups

did not differ significantly in terms of demographics, baseline hemodynamics or

procedural characteristics. However, IC derived greater hemodynamic benefit

from BPA: ΔPVR (−27.9 ± 20.2% vs. −13.9± 23.9%, p<0.05) and ΔmPAP

(−17.1 ± 14.4% vs. −8.5 ± 18.0%, p<0.05). There was a negative correlation

between pre‐BPA PVR and TTTL (r=−0.47, p<0.05) which persisted post‐BPA.
PVR, mPAP, WHO FC and 6MWD were not improved significantly post‐BPA in

PP patients. BPA response was not related to TTTL terciles or CTPA‐quantified
residual disease burden. Patients PP experienced inferior response to BPA, despite

similar baseline and procedural characteristics to IC. BPA does not abolish the

relationship between TTTL and postsurgical PVR in PP patients, suggesting that

Pulmonary Circulation. 2023;13:e12265. wileyonlinelibrary.com/journal/pul2 | 1 of 10
https://doi.org/10.1002/pul2.12265

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2023 The Authors. Pulmonary Circulation published by John Wiley & Sons Ltd on behalf of Pulmonary Vascular Research Institute.

http://orcid.org/0000-0002-2329-8319
http://orcid.org/0000-0001-9485-2869
http://orcid.org/0000-0002-3530-3808
mailto:s.hoole@nhs.net
https://onlinelibrary.wiley.com/journal/20458940


BPA is less effective in treating residual PH after surgery in an experienced surgical

center.

KEYWORD S

Balloon pulmonary angioplasty (BPA), Chronic thromboembolic pulmonary hypertension
(CTEPH), Mean pulmonary artery pressure (mPAP), Pulmonary endarterectomy (PEA),
Pulmonary vascular resistance (PVR)

INTRODUCTION

Chronic thromboembolic pulmonary hypertension
(CTEPH) is estimated to occur in approximately 2−6
adults per million population per year.1 Pulmonary
endarterectomy (PEA) is a highly effective surgical
treatment for predominantly proximal disease distribu-
tion. When performed at an expert center, more distal
subsegmental disease may also be treated that can
provide symptomatic and prognostic improvement in
eligible patients. If a full clearance is achieved pulmonary
hemodynamics may be normalized, although long‐term
oral anticoagulation is recommended.2

However, approximately 40% patients with CTEPH
are ineligible for PEA surgical intervention,1–3 due to
distal inaccessible lesions, and/or unfavorable risk/
benefit‐relationship for surgery due to comorbidity
being common reasons to forgo PEA.2 Furthermore,
in 17–51% of patients, symptomatic pulmonary
hypertension persists despite PEA and requires
further treatment.3,4 Amongst these two cohorts—
inoperable CTEPH (IC) and post‐PEA (PP), balloon
pulmonary angioplasty (BPA) and medical therapy
have emerged as a viable treatments to improve
CTEPH management.5,6

The nature of the relationship between the volume of
obstructive material and pulmonary hypertension is
complex and the degree of secondary distal microvascu-
lopathy affects the correlation.7 In some patients, despite
adequate PEA clearance and/or BPA intervention that
addresses the obstructive material, there is inadequate
improvement in hemodynamics and poor perfusion
persists.6–8 Very distal subsegmental fibrotic obstructions
with microvasculopathy are not amenable to PEA
treatment or BPA, and medical therapy remains the
treatment of choice for this group of patients.6–8

The clinical and hemodynamic response to BPA in IC is
well established but less is known in postsurgical CTEPH
cohorts. In this study we compared the hemodynamic and
clinical benefit of BPA of patients PP and those with IC
treated at an experienced surgical center. We hypothesized
that patients PP would be poorer responders and explored
the relationship between surgical clearance, quantified by

surgical specimen retrieved and PP CT imaging, and
subsequent BPA response.

METHODS

Consecutive patients with IC or residual PH PP surgery
on stable PH‐targeted medical therapy who were deemed
eligible for BPA at a multi‐disciplinary meeting, guided
by sub‐selective pulmonary angiography and cross
sectional imaging, and who then underwent BPA at the
UK National BPA Center, Royal Papworth Hospital,
Cambridge, between October 2015 and January 2021
were included in this observational cohort study. Data
were collected prospectively as standard of care for
clinical service provision and were analyzed retrospec-
tively. No ethical approvals were therefore necessary.

Measures of hemodynamic outcomes

Patients were maintained on PH‐targeted medical therapy
for a minimum of 3 months before their first BPA
procedure, throughout the periprocedure period and at 3‐
month follow‐up (FU). Patients underwent serial right heart
catheter (RHC) at baseline, before each BPA procedure and
at 3‐month FU. Mean pulmonary artery pressure (mPAP),
pulmonary vascular resistance (PVR), cardiac output (CO,
via thermodilution) and right atrial pressure (RAP) were
assessed. NT‐proBNP, 6‐min walk distance (6MWD), World
Health Organization Functional Class (WHO FC) and
Cambridge Pulmonary Hypertension Outcome Review
(CAMPHOR)—an internationally validated patient‐
reported outcome measure designed in a cohort including
CTEPH patients that assesses three domains: activity,
quality of life (QoL) and symptoms9 were assessed at
baseline and 3‐month FU.

BPA procedure

The BPA procedural details have previously been
described.10 BPA was performed via the right femoral
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vein using a 6 French sheath under local anesthesia by
the same experienced team of two interventional
cardiologists. Unfractionated heparin (70−100 IU/kg)
was administered. The type, location and burden of
disease treated was at operator discretion but in a single
session, multiple lesions were targeted but only a single
lung was treated. Selective angiography of all segmental
vessels was commonly performed to find treatable
disease not apparent on nonselective angiography.
Cessation of BPA treatment course was also at operator
discretion, often determined when all lesions had been
treated or when the risk: benefit ratio of continuing was
likely to be prohibitive, particularly when mPAP was
below the prognostically important threshold of
38 mmHg.4 Serial BPA procedures were performed
monthly with FU investigations performed 3‐months
after the last BPA session.

PP computed tomography pulmonary
angiography (CTPA) assessment

CTPA was routinely performed 3−6 months postoperatively
as standard of care for patients PP to assess residual disease
burden and response to surgery. The acquisition parameters
and pulmonary vascular assessment have been previously
described in detail.11 The PP central residual disease burden
was quantified using the modified Qanadli score (post‐op
mQS).11,12 For this, the 10 segmental arteries (three
branches to both upper lobes, two branches to the middle
lobe and lingula, and five branches to both lower lobes) on
each side were ascribed a score from 2 (no disease) to 0
(occlusive or multifocal disease) based on the severity of
disease in the segmental branch and its first order
subsegmental distributaries.

A maximal score of 2 was assigned for a patent
segmental artery and its first order subsegmental
branches, giving a total possible score of 40. One point
was subtracted if there was clear evidence of subseg-
mental disease, a segmental web stenosis, or segmental
partial occlusion. If two or more of these findings were
present, a score of 0 was assigned to that segment.
Segmental total occlusion assigned a score of 0. In the
presence of laminated thrombus of the main or lobar
arteries that exceeded 50% stenosis, 1 point was
subtracted from the scores for all segmental arterial
branches distal to this point. These scores were summed
at a patient, lung and lobe level, and divided by the
maximum possible score for each of these (40 for patient,
20 for each lung, and between 4 and 10 for each lobe),
and multiplied by 100 to give a value that expresses the
residual large vessel pulmonary vascular supply as a
percentage of normal. CT scans were read by two

experienced cardiothoracic radiologists to reach consen-
sus, blinded to clinical data including PEA results and
RHC data.

Analysis of PEA specimens

PEA specimens were examined in three principal ways.
First, thrombus tails were measured in millimeters based on
scaled photographs that were taken after PEA surgery. A
key measure of clearance following PEA surgery is total
thrombus tail length (TTTL) retrieved and this predicts
surgical hemodynamic response (post‐op PVR, r=−0.580,
p<0.0001).13 The technique we used was based on the one
developed by Skoro‐Sajer et al. organized small‐vessel
thrombi qualified for measurement if they were greater
than 2mm in length and less than 3mm in width.13 The
person analyzing the specimens was blinded to hemo-
dynamic data. Second, a Jamieson classification was
allocated to each specimen; this designation was the
surgeon's decision and found in the contemporaneous
surgical notes. Thirdly, a note was made of whether the
specimen had broken during surgery; this information was
also found in the surgeon's notes.

Statistical analysis

Statistical analyses were performed using statistical
computing environment R version 4.0.3 and GraphPad
Prism version 9. Continuous variables are expressed as
mean ± SD, or by median and interquartile range in the
event of skewed distribution. Data were analyzed using
either an independent student's t test, for normally
distributed data, or Mann−Whitney U test, if the data
was not normally distributed. Pearson's correlation
coefficient was used when the data was normally
distributed and the relationship between the variables
was linear; whereas Spearman's rank correlation was
used if the variables were rank‐ordered and not normally
distributed. Categorical variables were analyzed using χ²
test. Statistical significance was set at p< 0.05 for all
analyses undertaken.

RESULTS

Baseline characteristics and
hemodynamics

A total of 109 patients were included in the retrospective
study, 89 patients had IC and 20 patients were PP. PEA
surgery had been completed between August 2007 and
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May 2019 with a mean of 1410.8 ± 1178.5 days between
PEA surgery and BPA. During this period, a total of 1694
PEA surgeries were performed at our institution. The PP
group saw an improvement in pulmonary haemody-
namics after surgery (mPAP: 47.7 ± 7 to 38.4 ± 9.0
mmHg, p< 0.001, CO: 3.7 ± 1.1 to 4.4 ± 0.8 L/min,
p< 0.001 and PVR: 915 ± 343 to 532.3 ± 171.8
dynes.s.cm−5, p< 0.001) although haemodynamic
parameters were not normalized and patients remained
symptomatic despite medical therapy.

Baseline characteristics and hemodynamic data of the
whole cohort and IC and PP subgroups assessed
immediately before first BPA are presented in Tables 1
and 2. PP and IC patients do not differ significantly
although there was a trend for PP patients to have
slightly less severe hemodynamic derangement at base-
line, particularly for PVR, but this difference did not
reach statistical significance.

Procedural data and hemodynamic
changes after BPA

The hemodynamic outcomes for IC and PP patient groups is
presented in Table 3. Neither the total number of BPA
procedures undertaken nor the total number of segments
treated differed between the IC and PP groups. The degree
of distal disease treated (quantified by the use of smaller
balloon size) was also not different between groups. There
was also no significant difference in the number of occlusive
type lesions successfully treated by BPA, a lesion subset
which is associated with larger hemodynamic impact,14

between the two groups. Nevertheless, IC patients appeared
to derive greater hemodynamic benefit from BPA; the
percentage decrease in PVR and mPAP in the IC group was
greater than the decrease observed in the PP group (PVR:
−27.9 ± 20.2% vs. −12.7 ± 29.1%, p<0.05; mPAP:
−17.1 ± 14.4% vs. −7.3 ± 21.2%, p<0.05; Figure 1).

TABLE 1 Baseline characteristics.

Overall
Population (n= 109)

IC
Group (n= 89)

PP
group (n= 20) p Value

Baseline characteristics

Age, years 64.7 ± 11.1 65.1 ± 11.4 63.3 ± 9.5 0.51

BMI, kg/m2 26.1 ± 4.8 26.1 ± 5.0 26.3 ± 4.3 0.83

Female, n (%) 56 (51.4) 43 (48.3) 13 (65.0) 0.18

Medical therapy for PH, n (%) 104 (95.4) 84 (94.4) 20 (100.0) 0.62

Underlying medial conditions, n (%)

Previous PE 57 (52.3) 46 (51.7) 11 (55.0) 0.79

VC filter 4 (3.7) 1 (1.1) 3 (15.0) 0.02

Hypertension 29 (26.6) 24 (27.0) 5 (25.0) 0.86

Dyslipidaemia 4 (3.7) 4 (4.5) 0 0.76

Thrombophilia disorder 11 (10.1) 10 (11.2) 1 (5.0) 0.67

Gynaecological disorder 13 (11.9) 11 (12.4) 2 (10.0) 0.93

Thyroid disorder 17 (15.6) 12 (13.5) 5 (25.0) 0.35

Psychiatric disorder 13 (11.9) 9 (10.1) 4 (20.0) 0.39

Cancer 17 (15.6) 13 (14.6) 4 (20.0) 0.80

Splenectomy 17 (15.6) 15 (16.9) 2 (10.0) 0.67

Exercise and QoL at baseline

6‐MWD, m 350.9 ± 116.3 350.3 ± 115.2 353.3 ± 125.3 0.93

WHO FC (I/II/III/IV), n 0/35/73/1 0/30/58/1 0/5/15/0 0.62

CAMPHOR symptom score 10.3 ± 5.7 10.7 ± 5.6 8.5 ± 5.6 0.12

Note: Continuous data are presented as mean ± SD, whilst discrete data are presented as data counts (%).

Abbreviations: 6‐MWD, 6min walk distance; BMI, body mass index; CAMPHOR, Cambridge Pulmonary Hypertension Outcome Review; PE, pulmonary
embolism; VC, vena cava; WHO FC, World Health Organization Functional Class.

4 of 10 | KIRKBY ET AL.



In addition, PP patients had a less improvement in WHO
FC post‐BPA compared to IC patients (Figure 2) and indeed
two deteriorated to FC IV in the PP group despite BPA. Also,
whereas the CAMPHOR symptom scores improved from
baseline to FU in IC patients (10.7± 5.6 vs. 6.4 ± 6.7,
p<0.05), in the PP group, there was no change in
CAMPHOR symptom scores at FU (9.3± 5.0 vs. 9.1 ± 6.6,
p=0.92; Figure 3). There was a trend to less improvement in
6MWD among PP patients compared to IC patients
(Δ6MWD [m]: IC +35.9± 68.7 vs. PP +12.3± 25.0, p=0.32).

Predictors of BPA hemodynamic outcomes
in PP patients

A comparison of hemodynamics after PEA surgery
(immediately before BPA) and 3 months after BPA
confirmed modest, nonsignificant differences in PP
patients (PVR: 532.3 ± 171.8 vs. 454.4 ± 182.3, p= 0.17;
mPAP: 38.4 ± 9.0 vs. 35.2 ± 9.2, p= 0.27 and CO:
4.4 ± 0.8 vs. 4.7 ± 0.9, p= 0.32). There was no relation-
ship with time interval between PEA and BPA, and BPA

TABLE 2 Baseline hemodynamic data immediately before BPA intervention.

Overall
Population (n= 109)

IC
Group (n= 89)

PP
group (n= 20) p Value

Hemodynamic data at baseline

PVR, dynes.s.cm−5 609.0 ± 256.5 628.5 ± 271.8 532.3 ± 171.8 0.09

mPAP, mmHg 42.3 ± 10.4 43.0 ± 10.6 38.4 ± 9.0 0.14

COT, L/min 4.5 ± 1.0 4.5 ± 1.0 4.4 ± 0.8 0.82

RAP 8.0 ± 4.1 7.9 ± 3.6 8.3 ± 5.9 0.69

RVEDP 10.6 ± 5.0 10.7 ± 4.8 9.9 ± 6.0 0.52

PCWP 10.1 ± 3.2 9.9 ± 2.8 11.1 ± 4.4 0.12

Abbreviations: COT, cardiac output by thermodilution; mPAP, mean pulmonary artery pressure; PA Sat, pulmonary artery O2 saturation; PCWP, pulmonary
capillary wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; RVEDP, right ventricular end diastolic pressure.

TABLE 3 Procedural and hemodynamic data at 3 months post‐BPA follow‐up.

Overall
population (n= 109) IC group (n= 89) PP group (n= 20) p Value

Procedural data

Total number of BPA sessions 2.57 ± 1.0 2.64 ± 1.1 2.25 ± 0.6 0.12

Total segments treated 5.96 ± 2.1 6.09 ± 2.2 5.40 ± 1.9 0.19

Total occlusive type lesions, n (%) 76 (28.3) 62 (27.6) 14 (31.8) 0.97

Proportion <4mm balloons per patient 0.24 ± 0.3 0.25 ± 0.3 0.24 ± 0.3 0.91

Number of lesions where <4mm balloon used,
n (% total)

66 (24.3) 55 (24.3) 11 (23.9) 0.95

Hemodynamic data at 3 m FU

PVR, dyn s cm−5 434.1 ± 177.7 429.1 ± 177.5 454.4 ± 182.3 0.55

mPAP, mmHg 35.0 ± 8.3 35.1 ± 8.3 35.2 ± 9.2 0.96

CO, L/min 4.8 ± 1.0 4.8 ± 1.1 4.7 ± 0.9 0.95

Exercise and symptom data at 3 m FU

6‐MWD, m 395.4 ± 110.8 401.3 ± 110.7 363.4 ± 110.8 0.30

WHO FC (I/II/III/IV), n 13/59/35/2 13/53/23/0 0/6/12/2 <0.01

CAMPHOR symptom score 6.9 ± 6.7 6.4 ± 6.7 9.1 ± 6.6 0.18

Abbreviations: 6‐MWD, 6 min walk distance; CAMPHOR, Cambridge Pulmonary Hypertension Outcome Review; COT, cardiac output by thermodilution;
mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; WHO FC, World Health Organization Functional Class.
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response (ΔPVR vs. days between PEA to BPA:
r=−0.08, p= 0.70).

The mean TTTL retrieved surgically during PEA was
131.4 ± 60.6 mm and the mean Jamieson classification
recorded was 2.6 ± 0.6 for the PP patient cohort. A
quarter of specimens broke during surgery but this
occurrence was not inversely related to TTTL (p= 0.39)
or Jamieson Class (p= 0.90). The mean post‐op mQS in

the PP patients selected for BPA was 52.6 ± 18.3%. There
was no relationship between post‐op mQS before BPA
and TTTL (r= 0.06, p= 0.81).

We confirmed that there was a negative correlation
between PP (pre‐BPA) PVR and TTTL (r=−0.47,
p< 0.05) which persisted post‐BPA (Figure 4a,c).
Although there was no discernible association between
pre‐BPA mPAP and TTTL, a negative correlation was
apparent after BPA (Figure 4b,d). We also demonstrated
that BPA hemodynamic response was not greater in
those within the lower TTTL tercile (range 42−96mm)
compared to higher TTTL tercile (range 173−220mm):
ΔPVR −89.0 ± 144.6 versus −28.1 ± 127.5 dynes.s.cm−5,
p= 0.42; ΔmPAP −5.1 ± 13.8 versus −4.7 ± 5.6 mmHg,
p= 0.94. The middle tercile (range 119−156mm) showed
the greatest decrease in both PVR (−173.2 ± 140.1
dynes.s.cm−5) and mPAP (−8.2 ± 8.9 mmHg).

There was a weak but nonsignificant inverse correla-
tion between the post‐op mQS and PP (immediate pre‐
BPA) PVR (r=−0.27, p= 0.23) and mPAP (r=−0.25,
p= 0.28). Those with poorer clearance (post‐op mQS
0−49.9%) did not derive greater hemodynamic response
from BPA than those with good clearance (post‐op
mQS ≥ 50%): ΔPVR −76.4 ± 140.0 versus −79.3 ± 163.6
dynes.s.cm−5, p= 0.97; ΔmPAP −2.8 ± 7.1 versus
−4.2 ± 8.5 mmHg, p= 0.70. There was also no difference
in BPA response in the PP group between those with
high TTTL (>100mm) and low post‐op mQS (<50%)—
defined as possible recurrence (n= 7) and those with low

FIGURE 1 Comparison of the percentage change in (a) PVR
and (b) mPAP from baseline to the 3 month post‐BPA follow‐up in
inoperable CTEPH (IC) and post‐PEA (PP) patient groups. CTEPH,
chronic thromboembolic pulmonary hypertension; mPAP, mean
pulmonary artery pressure; PEA, pulmonary endarterectomy; PVR,
pulmonary vascular resistance.

FIGURE 2 WHO Functional Class (FC) at baseline and follow‐
up between (a) inoperable CTEPH (IC) and (b) post‐PEA (PP)
patient groups. CTEPH, chronic thromboembolic pulmonary
hypertension; mPAP, mean pulmonary artery pressure; PEA,
pulmonary endarterectomy; PVR, pulmonary vascular resistance.

FIGURE 3 Comparison of the change in CAMPHOR symptom
score from baseline to the 3 month post‐BPA follow‐up in
inoperable CTEPH (IC) and post‐PEA (PP) patient groups.
CAMPHOR, Cambridge Pulmonary Hypertension Outcome
Review; CTEPH, chronic thromboembolic pulmonary
hypertension; mPAP, mean pulmonary artery pressure; PEA,
pulmonary endarterectomy; PVR, pulmonary vascular resistance.
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TTTL (<100mm) and low post‐op mQS (<50%)—defined
as residual disease (n= 4): ΔPVR −73.6 ± 155.0 versus
−81.3 ± 129.6 dynes.s.cm−5, p= 0.94; ΔmPAP −4.6 ± 7.1
versus −7.5 ± 18.4 mmHg, p= 0.71.

DISCUSSION

Our study has demonstrated that: (1) IC patients
achieved greater PVR, mPAP and symptomatic improve-
ment following BPA than PP patients; (2) there was no
significant interval hemodynamic or symptomatic
improvement in PP patients after BPA; (3) TTTL
correlated with postoperative PVR but the TTTL/PVR
relationship was not abolished by BPA; (4) we were
unable to identify any PP patient subgroups that
responded more favorably to BPA. Together, our data
indicate that BPA as currently performed was less
effective in treating residual CTEPH PP in patients from
an experienced PEA surgical center.

Targeting intervention to patient subgroups most
likely to benefit makes intuitive sense, particularly for
procedures like BPA, which expose patients to risk and
have associated healthcare costs. BPA for inoperable
patients with CTEPH has an established evidence

base10,15,16 and planned hybrid procedures combining
PEA and BPA to different lungs, where BPA targets naïve
lesions that have not been endarterectomized, have also
reported good results.17–19 However, BPA for residual PH
after PEA, targeting residual material “left behind” after
PEA or recurrent disease has reported mixed results,
with some groups demonstrating a step wise further
reduction in PVR after BPA of up to 25−40%, whereas
others describe negligible change or even worsening
hemodynamics, as well as being technically more
challenging with an increased risk of complica-
tions.14,20–23 This study heterogeneity may be explained
by differences in the degree of surgical clearance, the
proportion of residual verses recurrent disease treated,
differences in lesion type treated with the very distal and
often occlusive residual “tails” following experienced
surgical clearance perhaps responding less favorably to
BPA, differences in the chronicity of the disease and a
variable contribution of microvasculopathy, between the
reported studies.

Our group has previously noted that 37.5% of
nonresponders to BPA (defined as no hemodynamic
improvement) had previously undergone PEA.14 This
initial cohort of 6 patients had fewer BPA sessions and
segments treated, perhaps indicating a relative paucity of

FIGURE 4 Correlation between total thrombus tail length (TTTL) and (a) pre‐BPA PVR, (b) pre‐BPA mPAP, (c) 3‐month post‐BPA PVR
and (d) 3‐month post‐BPA mPAP in post‐PEA (PP) patients (one PP patient TTTL specimen lost). CTEPH, chronic thromboembolic
pulmonary hypertension; mPAP, mean pulmonary artery pressure; PEA, pulmonary endarterectomy; PVR, pulmonary vascular resistance.
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residual treatable disease, compared to other groups who
have reported better response to BPA PP. To further our
work, we now confirm in a larger PP cohort compared to
IC that despite similar demographics, baseline hemo-
dynamics and procedural characteristics, PP patients
derive less hemodynamic and symptomatic benefit from
BPA which translates to inferior exercise capacity, QoL
and WHO FC improvements.

The failure to effect as good an hemodynamic
improvement in PP patients despite a similar disease
burden, number of sessions, segments and type and
location of lesion treated as IC patients who did respond,
may have a number of explanations: (i) the amount of
untreated surgical disease in our cohort (quantified by
post‐op mQS) was modest—centers selecting patients
with lower post‐op mQS may achieve different results;
(ii) a third of our surgical cohort had presumed
recurrence/reocclusion where the clearance measured
by TTTL was good but the post‐op mQS was low—this
lesion subset may respond to BPA differently from
residual disease; and (iii) distal microvasculopathy may
be particularly important in PP patients treated in an
experienced surgical center, where reocclusion domi-
nates and the residual disease is often very distal. This is
supported by Thistlethwaite et al who reported on 202
patients with PVR ranging from 194 to 2950 dynes.s.cm−5

who underwent PEA. Patients with type 3 or 4 (distal)
disease, had higher postoperative pulmonary artery
systolic pressure (p< 0.0001), and postoperative PVR
(p< 0.0001) compared with patients with type 1 or 2
(proximal) disease.24 The more distal the disease, the
more limited the hemodynamic response to PEA, due to
technical limitations and distal microvasculopathy.
Nevertheless, we found that TTTL and to a lesser extent
the post‐op mQS was still inversely correlated with PP
PVR, indicating that surgical clearance is important in
determining hemodynamic response in PP patients.

Furthermore, Tsuji et al studied predictive factors of
BPA outcomes in 35 IC patients with mPAP> 30mmHg
who underwent BPA (average 4.2 ± 1.4 sessions/patient);
eight of these patients were non‐responders to BPA. The
duration from symptom onset to BPA together with
diastolic PAP at baseline, were determined to predict
hemodynamic response to BPA.23 Tsuji et al hypothe-
sized that long‐standing pulmonary hypertension might
exacerbate secondary microvasculopathy, and that higher
diastolic PAP reflected more extensive small vessel
remodeling and in agreement with this, Taniguchi
et al. demonstrated that poor subpleural perfusion
(PSP) is a key predictor BPA hemodynamic response.6,25

BPA may therefore also have reduced efficacy in patients
with prolonged PH and microvascular arteriopathy and
although we did not confirm a temporal relationship

between interval between PEA and BPA and BPA
response in PP patients, this too should be considered.

Although we confirm a clear relationship with TTTL,
a measure of surgical clearance proposed by Skoro‐Sajer
et al.13 measured from the postoperative specimen and
PVR PP, this relationship persists post‐BPA and is re‐
established for mPAP. If BPA was effective PP in those
with poorer clearance, this relationship should be
attenuated or abolished. The futility of BPA in the PP
patients in our cohort is further supported by evidence
that post‐BPA PVR and mPAP values were not signifi-
cantly different from PVR and mPAP measurements
taken immediately before BPA and nor did PP patients
feel appreciably better after BPA, indeed two deteriorated
to FC IV. Finally, we did not discern a better BPA
response in specific PP patient subgroups with residual
or recurrent disease, defined by the TTTL yield in those
with low post‐op mQS, as would be expected if BPA were
effective. Although we did not observe a difference
between recurrent and residual disease response to BPA
in the PP group, based on Virchow's triad, that those with
more severe microvasculopathy should be at higher risk
of recurrent thrombosis and therefore recurrent disease
may be particularly futile to retreat by BPA. Medical
therapy is now licensed and may be more effective than
BPA in postsurgical patients, particularly when micro-
vasculopathy is believed to be the dominant cause of
residual PH.1

Limitations

This study was a single‐center study with a modest
sample size of PP patients, although relative to other
published studies of BPA PP, the cohort size was
comparable. This in particular will affect any PP
subgroup analysis and any conclusions should be
cautiously drawn and confirmed in larger cohorts.
Interaction between variables also cannot be excluded;
multivariate analysis was not possible due to the small
sample size. TTTL was measured from scaled photo-
graphs and not wet specimens. Some of the thrombus
tails were not displayed perfectly straight before being
photographed and estimates had to be made which may
have led to inaccuracy. We attributed poor clearance to
shorter TTTL, as PEA surgery is infrequently offered for
low burden (<6 segments) of disease. However, TTTL
measurement may not fully represent the surgical
clearance and may underestimate the clearance compo-
nent from removal of bulky disease or opening of pouch
occlusions. TTTL was not related to CT evidence of
clearance measured by post‐op mQS and although
recurrence after PEA may explain this discrepancy, both
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post‐op mQS and TTTL are not universally accepted as
validated tools for surgical clearance, although no other
quantitative tools exist. CT was performed at 3 months
PP, thus residual versus recurrent disease cannot be
accurately discerned. We speculate that microvasculo-
pathy may be a cause of poor BPA response in PP
patients. Although we did not quantify microvasculo-
pathy by pressure‐wire or PSP measured by digital
subtraction angiography or dual energy CT, PSP is a
predictor of poor outcomes PP26 and remains the subject
of future studies. FU data were obtained from standard
clinical FU rather than from a dedicated research study,
and as a consequence, complete data were not available
in all cases. The treating interventionist was also not
blinded to the hemodynamic data at the time of BPA and
this is a potential confounder, although PP and IC groups
received the same number of BPA sessions and segments
treated and therefore bias is unlikely to have influenced
our data. The number of sessions and subsegmental
lesions treated were fewer in our cohort than other
series. It is possible that with a more aggressive treatment
strategy, a greater treatment effect may have been seen in
the PP group, although, as has also been published, at a
cost of more complications.

CONCLUSION

We demonstrate that the response to BPA in PP patients
is inferior to IC patients in patients treated in an
experienced surgical center. We did not detect any
subgroup of PP patients where BPA was effective. The
justification of BPA in PP patients should be considered
carefully as BPA efficacy may be compromised in this
group.
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