LINIC
INTERVENTIONS FOR HYPERTENSIO

Balloon pulmonary angioplasty relieves haemodynamic stress
towards untreated-side pulmonary vasculature and improves
its resistance in patients with chronic thromboembolic
pulmonary hypertension
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Abstract

Aims: Chronic thromboembolic pulmonary hypertension (CTEPH) is characterised by organised throm-
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of this study was to investigate the impact of balloon pulmonary angioplasty (BPA) on the non-BPA-side
pulmonary vasculature in patients with CTEPH.

Methods and results: This study explored the outcomes of 20 unilateral BPA sessions in 13 CTEPH
patients. We measured the pulmonary vascular resistance (PVR), pulmonary artery (PA) flow in the BPA-
side and non-BPA-side lungs, respectively, using phase contrast MRI and cardiac catheterisation. The inter-
val from BPA to the follow-up evaluation was 92.8+52.0 days. A single session of BPA decreased mean PA
pressure from 37.4+6.2 to 30.9+6.5 mmHg (p<0.001). In the BPA side, BPA increased the PA flow from
1.58+0.65 to 1.95+0.62 L/min (p=0.001) and decreased the PVR from 27.3+27.4 to 14.4+9.0 Wood units
(p=0.004). In contrast, it decreased both the non-BPA-side PA flow from 2.25+0.64 to 1.90+0.23 L/min
(p=0.008) and the non-BPA-side PVR from 14.846.6 to 12.8+3.9 Wood units (p=0.01).

Conclusions: BPA could relieve haemodynamic stress towards the non-BPA-side vasculature and decrease
its PVR in patients with CTEPH, suggesting that it can suppress or regress the progression of the small-
vessel arteriopathy in non-BPA-side vasculature, presumably due to haemodynamic unloading.
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Abbreviations

BPA balloon pulmonary angioplasty
CTEPH
PA pulmonary artery

chronic thromboembolic pulmonary hypertension

PC-MRI phase contrast magnetic resonance imaging
PVR pulmonary vascular resistance

Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is
characterised not only by organised thrombotic obliteration of
major vessels but also by small-vessel arteriopathy that are indis-
tinguishable from the findings in pulmonary arterial hyperten-
sion'?. The pathogenesis of small-vessel arteriopathy in CTEPH is
unclear but widely considered to be a consequence of excessive
blood flow and pressure'. Balloon pulmonary angioplasty (BPA)
has emerged as a promising therapy for CTEPH patients who are
unsuitable for pulmonary endarterectomy*’. BPA dilates throm-
bosed lesions in major vessels and consequently improves the
peripheral blood flow and pulmonary vascular resistance (PVR).
On the other hand, BPA theoretically relieves the excessive flow
and pressure in the non-BPA vasculature including small-vessel
arteriopathy (Figure 1). However, the haemodynamic impact of
BPA on the non-BPA vasculature has never been investigated. If
the excessive haemodynamic stress is the pivotal pathogenesis of
small-vessel arteriopathy, it can be expected that BPA suppresses
the progression of vascular remodelling in the non-BPA area by
reducing haemodynamic stress. On the other hand, if the patho-
genesis of small-vessel arteriopathy in CTEPH involves cancer-like
proliferation such as pulmonary arterial hypertension®, vascular

A Pre-BPA condition

remodelling in the non-BPA-side lung progresses independently
even after BPA. To answer this controversy in the pathogenic
mechanisms of small-vessel arteriopathy, serial pathological find-
ings are needed, but repeated lung biopsies are ethically unaccept-
able in clinical settings. We therefore analysed the PVR, which is
the most clinically critical index reflecting the severity of occlusive
vessels, instead of the pathological findings. The purpose of this
study was to clarify the change in blood flow, pressure and PVR
in the non-BPA area before/after BPA by combining phase con-
trast magnetic resonance imaging (PC-MRI) that can provide local
blood flow quantification and invasive cardiac catheterisation.
Editorial, see page 1983

Methods

STUDY DESIGN

The present prospective observational study was approved by the
institutional review board (No. 26-190). Twenty BPA sessions were
set as the target number for enrolment. The sample size was deter-
mined based on feasibility and ethical considerations, since this
clinical research was the first exploratory study and there are no
preliminary data to calculate a concrete sample size. The timing of
the follow-up studies was not restricted and depended on practi-
cal circumstances. We started this study in April 2014 and com-
pleted enrolment in April 2015. All of the patients provided written
informed consent. A patient flow diagram is shown in Figure 2.

In our hospital, a specialised pulmonary circulation team including
cardiologists and surgeons evaluates the operability for pulmonary
endarterectomy. We performed computed tomography (CT), lung
perfusion single-photon emission computed tomography (SPECT),

B Post-BPA condition

Small-vessel
arteriopathy

Macro occlusive lesion
with organised thrombus

Opened thrombotic Vasculature response to
lesion haemodynamic unloading?

Figure 1. The schematic hypothesis of the study. Chronic thromboembolic pulmonary hypertension has two distinct lesions, 1) macro occlusive

lesions with organised thrombus, 2) small-vessel arteriopathy, which is indistinguishable from that of pulmonary arterial hypertension (A).

BPA opens macro occlusive lesions and subsequently reduces the pulmonary arterial pressure, correcting the distribution of the pulmonary

blood flow. As a result, small-vessel arteriopathy in non-occlusive areas becomes relieved from excessive haemodynamic stress. The aim of

this study was to investigate the impact of relief from haemodynamic stress on the non-BPA-side PVR (B). BPA: balloon pulmonary

angioplasty
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Figure 2. Patient flow diagram. Patients who provided their written
informed consent were enrolled. Twenty BPA sessions in overlapping
patients (13 patients) were evaluated. The patients underwent
PC-MRI for PA flow measurement and cardiac catheterisation for PA
pressure measurement before and after BPA. The interval from BPA
to follow-up evaluation was 92.8+52.0 days. All of the patients
completed the examinations. BPA: balloon pulmonary angioplasty,
PA: pulmonary artery; PC-MRI: phase contrast magnetic resonance
imaging; PVR: pulmonary vascular resistance

and pulmonary angiography at the diagnosis and confirmed that all
the participants had thrombotic lesions and non-thrombosed open
vessels bilaterally. Patients who had proximal occlusions in the
non-BPA-side lung were excluded. CTEPH patients who were elig-
ible for this study were further screened using the following inclu-
sion criteria: 1) BPA scheduled in only a unilateral (right or left)
pulmonary artery (PA), 2) no vasodilators started or added within
two weeks before enrolment, and 3) >20 years of age. Patients
who required additional vasodilators during the study period were
excluded from the analysis. Regarding criterion 1), unilateral BPA
was widely accepted. The current BPA statement published by the
Japanese Circulation Society and international expert opinion’ rec-
ommend performing BPA in a limited area in a staged fashion over
multiple procedures in order to avoid substantial reperfusion pul-
monary injury*. All participants (n=13) in this study received addi-
tional BPA sessions to the opposite-side occlusive lesions after this
study following the standard technique®. Consequently, serial BPA
(5.4+1.9 sessions/patient) markedly decreased mean PA pressure
from 37.448.2 to 25.6+4.6 mmHg and PVR from 8.6+3.7 to 3.7+0.8
Wood units without any vasodilators or home oxygen therapy.

Impact of BPA on untreated-side PVR in CTEPH

MEASUREMENT OF PA FLOW AND PRESSURE

We performed two-dimensional PC-MRI to measure the right, left,
and main PA flow prior to BPA. PC-MRI has been widely accepted as
a non-invasive measurement of haemodynamic changes in the great
arteries’. All patients underwent 3-Tesla MR imaging (Achieva 3.0
T Quasar Dual; Philips Healthcare, Best, the Netherlands) equipped
with dual-source parallel radiofrequency transmission, 32-element
cardiac phased-array coils used for radiofrequency reception and
a four-lead vector cardiogram used for cardiac gating. PC-MRI with
a flow-sensitive gradient echo sequence was obtained for 30 car-
diac phases. The scan parameters were set as follows: TR=6.5 ms,
TE=4.0 ms, flip angle=10 degrees, slice thickness=3 mm, field of
view=320 mmx>300 mm, acquisition matrix=128%114, and velocity
encoded value set to 100-200 cm/s. PA flow (L/min) for the main
PA at immediately above the pulmonary valve, and right PA and left
PA at the pulmonary hilum were calculated using commercial soft-
ware (Extended Workspace; Philips Healthcare)'. The scan sections
of the main, right and left PAs for PC-MRIs were determined by the
consensus of two radiologists. Using the software, firstly the con-
tour of the PA was drawn manually on the initial magnitude image.
Next, the contour of the PA was automatically tracked throughout
all magnitude images. Then, time-flow curves for the main, right,
and left PAs were obtained. If there was an error in the extraction of
the PA contour, it was manually corrected.

The PA pressure was measured by cardiac catheterisation at the
beginning of BPA. At the follow-up study, we repeated PC-MRI
and cardiac catheterisation. We allowed an interval of at least two
weeks from the initial BPA session until the evaluation, as a con-
crete response to BPA takes a few weeks to develop after BPA!!2,
After completing the follow-up evaluation, we compared the non-
BPA-side PA flow, pressure, and PVR before and after BPA.

CALCULATION OF SELECTIVE (RIGHT AND LEFT) PA FLOW
AND PVR
This study required individual right and left PVR measurements.
Therefore, we measured the individual right and left PA flow
using PC-MRI. The PA pressure was measured by cardiac cath-
eterisation. The selective PVR was then obtained by the following
formula based on the Ohm principle:

(mean PA pressure — mean PAW pressure)

(Selective PA flow)

where PVR is the pulmonary vascular resistance, PA is the pulmo-

Selective PVR=

nary artery, and PAW is the pulmonary arterial wedge.

We calculated the selective PVR in combination with the selec-
tive PA flow measured by PC-MRI and the PA pressure measured
by cardiac catheterisation. PC-MRI and cardiac catheterisation
were performed on different days (interval: 3.1£1.9 days). We also
recorded the oxygen saturation at rest, since hypoxic vasoconstric-
tion can influence the changes in the non-BPA-side PVR.

STATISTICAL ANALYSIS
Data were expressed as the mean+standard deviation. Comparisons
were performed using a paired t-test. A p-value <0.05 was taken
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to indicate statistical significance. We used the Microsoft Office
Excel 2013 software program (Microsoft, Redmond, WA, USA)
for all statistical analyses.

Results

PATIENT BASELINE CHARACTERISTICS

As shown in Figure 2, we evaluated the findings from 20 BPA ses-
sions involving 13 patients. This study allowed the evaluation of
different BPA sessions in the same patient. No participants were
excluded after enrolment. Tahle 1 and Table 2 show the baseline
patient characteristics. Since no patients had stenotic lesions in the
proximal PA, PA pressure in the main PA represents both in bilat-
eral PA pressure. All BPA sessions were performed to unilateral PAs
(right: 19 sessions, left: one session) in accordance with the sched-
ule. The number of treated lesions was counted according to the
angiographic classification for BPA that was recently proposed'.
The predominance of elderly subjects (in their 60s) and female gen-
der reflected the epidemiology of CTEPH in Japan. The PA pressure
was 38.249.1 mmHg, PVR was 8.7+4.4 Wood units, cardiac index
was 2.56+0.72 L/min/m?, brain natriuretic peptide was 74.5+93.0 pg/
ml, and six-minute walk distance was 392+106 m, indicating that
most participants had mild to moderate disease severity at baseline.

PULMONARY HAEMODYNAMIC CHANGES AFTER BPA

The mean interval from BPA to follow-up was 92.8+52.0 days.
Figure 3 summarises the PA pressure, PA flow, and PVR before
and after BPA. A single BPA session decreased the mean PA

Table 1. Baseline characteristics (20 BPA sessions including
overlap of patients).

Age years 60+10
Gender male/female, n 1/19
WHO functional class I/1U/1/1IV, n 0/6/14/0
Usage of pulmonary PDEDbI, sGC, n (%) 15 (75%)
vasodilator ERA, n (%) 8 (40%)
prostanoid, n (%) 12 (60%)
Anticoagulation n (%) 20 (100%)
BPA side right/left, n 19/1
Type of treated lesions (13) web lesion, n 2.1x1.4
gﬁ[ref;isqiﬁriwvéilr;nssgmental ring-like stenosis, n 1.1+1.4
subtotal occlusion, n 0.5+0.7
total occlusion, n 0.7+0.8
Mean PA pressure mmHg 37.4+8.2
Cardiac index L/min/m? 2.50+0.64
PVR Wood units 8.6+£3.7
BNP pg/ml 62.9+78.6
Six-minute walk distance m 412+106
BNP: brain natriuretic peptide; BPA: balloon pulmonary angioplasty;
ERA: endothelin receptor antagonist; PA: pulmonary artery;
PDEDSi: phosphodiesterase type 5 inhibitor; sGC: soluble guanylyl
cyclase stimulator

Table 2. Baseline characteristics (13 patients without any overlap
of patients).

Age years 61+11
Gender male/female, n 1/12
WHO functional class I/1/1/1V, n 0/0/13/0
Usage of pulmonary PDED5I, sGC, n (%) 10 (77%)
vasodilator ERA, n (%) 7 (54%)
prostanoid, n (%) 8 (62%)
Anticoagulation n (%) 13 (100%)
BPA side right/left, n 12/1
Mean PA pressure mmHg 38.2+9.1
Cardiac index L/min/m2 2.56+0.72
PVR Wood units 8.7+4.4
BNP pg/ml 74.5+93.0
Six-minute walk distance m 392+106
BNP: brain natriuretic peptide; BPA: balloon pulmonary angioplasty;
ERA: endothelin receptor antagonist; PA: pulmonary artery;
PDEDSi: phosphodiesterase type 5 inhibitor; sGC: soluble guanylyl
cyclase stimulator

pressure from 37.446.2 to 30.9+6.5 mmHg (p<0.001) and PVR
from 8.6+3.7 to 6.4+1.9 Wood units (p=0.002). Main PA flow (i.e.,
cardiac output) did not change after BPA (3.83+1.04 to 3.85+0.69
L/min, p=0.46), probably reflecting the mild disease severity of
this study. Focusing on laterality, BPA increased the BPA-side PA
flow from 1.58+0.65 to 1.95+0.62 L/min (p=0.001) and decreased
the BPA-side PVR from 27.3£27.4 to 14.449.0 Wood units
(p=0.004). In contrast, BPA decreased both the non-BPA-side PA
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Figure 3. The change in individual haemodynamic parameters after
BPA (20 BPA sessions). Changes in pulmonary arterial pressure
(upper panel), flow (middle panel), and resistance (bottom) before
and after BPA are shown in a total of 20 BPA sessions among

13 patients. BPA-side, non-BPA-side, and total values are
distinguished. The main pulmonary artery pressure was the same as

the right and left pulmonary arterial pressures.



flow from 2.2540.64 to 1.90+0.23 L/min (p=0.008) and non-BPA-
side PVR from 14.846.6 to 12.843.9 Wood units (p=0.01). The
oxygen saturation level on room air increased from 92.3+4.0% to
93.442.7% (p=0.04). In two patients, pulmonary arterial vasodila-
tors were reduced or discontinued by the time of follow-up.

We performed a sensitivity analysis regarding the initial 13 BPA
sessions in the 13 patients to confirm the robustness of the results
without any patient overlap. BPA increased the BPA-side PA flow
from 1.56+0.72 to 1.994+0.66 L/min (p=0.007) and decreased the
BPA-side PVR from 30.2432.6 to 14.6+10.7 Wood units (p=0.02).
In contrast, BPA decreased both the non-BPA-side PA flow from
2.40+0.70 to 1.93+£0.24 L/min (p=0.01) and non-BPA-side PVR
from 14.4£7.6 to 12.4+4.2 Wood units (p=0.07), in agreement
with the tendency of the primary analysis (Table 2, Supplementary
Figure 1).

Discussion

This study demonstrated that BPA decreased the BPA-side PVR
and total PA pressure, and as a result shifted pulmonary blood
flow from the non-BPA-side lung to the BPA-side lung. The spon-
taneous decrease in the non-BPA-side PVR suggests that haemo-
dynamic unloading suppressed or possibly regressed progression
of small-vessel arteriopathy in CTEPH.

IMPACT OF BPA ON THE NON-BPA-SIDE VASCULATURE
BPA decreased the non-BPA-side PVR as well as the BPA-side PVR,
despite no intervention being performed. We also found that BPA
decreased the non-BPA-side PA flow and PA pressure, suggesting
that haemodynamic unloading not only suppresses but also possibly
regresses the progression of small-vessel arteriopathy. A sensitiv-
ity analysis showed the robustness of the results regardless of the
overlap of patients, while it did not reach statistical significance,
probably due to the small sample size (Supplementary Figure 1).
Recent experimental studies have demonstrated the important
role of haemodynamic stress in the progression of small-vessel
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arteriopathy'*!”. They showed that vessel narrowing and/or
occlusion generates turbulent flow, resulting in increased shear
stress and evoking inflammation and abnormal cell prolifera-
tion. Similarly, it has been reported that high PA pressure induces
inflammatory responses in the pulmonary as well as the systemic
circulation. On the other hand, we previously reported that reduc-
tion of haemodynamic stress (high pressure and excessive flow)
by left pulmonary artery banding reversed perivascular inflamma-
tion and established pulmonary arteriopathy in the banded lung of
the Sugen5416/hypoxia/normoxia-exposed rat'®, The mechanism
underlying the reverse remodelling remains unclear; however, sev-
eral clinical studies have demonstrated similar results by haemo-
dynamic unloading'. Levy et al reported a case with pulmonary
arterial hypertension which exhibited reverse remodelling in the
native lung nine years after single-lung transplantation. They
found that single-lung transplantation shifted the PA flow from the
native diseased lung into the lung allograft soon after transplan-
tation, which gradually normalised over the years®. Nine years
after transplantation, the patient died due to severe pneumonia. An
autopsy revealed the resolution of the small-vessel arteriopathy
in her native diseased lung. Moser et al reported a 29-case series
showing resolution of “vascular steal” after pulmonary endarterec-
tomy - increased blood flow in treated lesions but decreased flow
at non-treated lesions after a few weeks?'. These findings disap-
peared 11 months after surgery, suggesting that haemodynamic
unloading could restore small-vessel arteriopathy.

We similarly confirmed the “vascular steal” and subsequent
blood redistribution on serial scintigraphy in our case which
received unilateral BPA (Figure 4). In our case, the “vascu-
lar steal” was detected the day after BPA, and blood redistribu-
tion was observed by 80 days after BPA. Our case of “vascular
steal” suggests that BPA also induces the response of haemody-
namic unloading to the PVR even in the midterm (i.e., 80 days
after BPA). Therefore, the observation period of the present study
(92.8+2.0 days) might be enough to reduce non-BPA-side PVR.

» W o

BPA Non-BPA
side side
Pre-BPA 1 day after right BPA 80 days after right BPA
“Vascular steal” “Redistribution”

Figure 4. “Vascular steal” and “redistribution” after BPA on lung perfusion scintigraphy. Representative “vascular steal” and “blood

redistribution” are shown in a patient with CTEPH who underwent BPA in the right pulmonary arteries. The next day, we observed “vascular

steal” on lung perfusion scintigraphy (arrow in panels A and B). However; at follow-up 80 days after BPA, “blood redistribution” was

observed (arrow in panel C). The patient’s haemodynamics improved after BPA (mean PA pressure: 59 to 31 mmHg, cardiac index: 3.05 to

4.34 L/min/m?). CTEPH: chronic thromboembolic pulmonary hypertension
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In addition, this study first revealed the quantitative response of
haemodynamic unloading. The impact of haemodynamic unload-
ing in the present study was limited and not sufficient to improve
disease severity. The suppressive or regressive response might be
dependent on several factors, such as the time course or severity of
underlying arteriopathy. Further studies are required to elucidate
what factors are associated with its degree.

POST HOC ANALYSES TO EXAMINE ANY ASSOCIATION WITH
CHANGES IN PVR

We conducted a correlation analysis between the changes in the
non-BPA-side PVR and baseline haemodynamic parameters.
A higher PVR in the non-BPA-side lung at baseline was associated
with a positive response in the non-BPA-side PVR (Figure 5), pos-
sibly suggesting that the severity of small-vessel remodelling is
associated with the favourable response of haemodynamic unload-
ing to the PVR.

Study limitations

Several limitations warrant mention in the present study. First, we
did not use simultaneous PA flow and pressure to calculate the
selective PVR. Muthurangu et al demonstrated the feasibility of
simultaneous invasive pressure measurements and MR flow data
to quantify the PVR in humans?2. However, the availability of the
reported technique is limited, since it requires special equipment
and a great deal of time. In this study, we confirmed that no partic-
ipants experienced any clinical worsening during the lag between
MRI and cardiac catheterisation. The lag of 3.1+1.9 days can be
considered acceptable for the purposes of this study. Second, the
accuracy of PC-MRI-guided PA flow measurement might be insuf-
ficient. However, several studies have validated its reliability>-2.
This study required local flow measurement, as catheter-based
flow measurement techniques such as the thermodilution method
were not available. PC-MRI is therefore thought to be the best
available modality for the purposes of this study. Third, oxygen
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saturation slightly but significantly improved after BPA. However,
the slight improvement (from 92.3+4.0% to 93.442.7%) is deemed
to have little influence in terms of relief from hypoxic vasocon-
striction. Finally, most participants had received long-term pul-
monary vasodilators including prostanoids, which might have an
antiproliferative effect on pulmonary microcirculation. However,
subgroup analysis in the prostanoids and non-prostanoids groups
demonstrated that BPA decreased non-BPA-side PVR irrespective
of prostanoid usage (Supplementary Figure 2).

Conclusions

This study showed that BPA relieved haemodynamic stress towards
the non-BPA-side lung and subsequently decreased the non-BPA-
side PVR in patients with CTEPH. Thus, haemodynamic unload-
ing plays a significant role in suppression or possibly regression of
small-vessel arteriopathy in these patients. Although further stud-
ies to evaluate the pathology in the long term are needed, this find-
ing may improve our understanding of the pathogenic mechanism
of small-vessel arteriopathy and help us to develop novel thera-
peutic strategies for CTEPH.

Impact on daily practice

Small-vessel arteriopathy that develops in patients with
CTEPH indistinguishable from that in patients with pulmo-
nary arterial hypertension has been considered to be caused
by haemodynamic stress (i.e., excessive blood flow and pres-
sure) towards non-thrombosed patent vessels. The present
study demonstrated that: 1) BPA relieves haemodynamic stress
towards non-BPA-side vasculature, and 2) non-BPA-side PVR
spontaneously reduces in the long term, suggesting that BPA
can suppress or regress the development of small-vessel arte-
riopathy in the non-BPA-side lung. Small-vessel arteriopathy
in CTEPH patients might recover by haemodynamic unloading
using appropriate BPA.
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Figure 5. A correlation analysis between baseline and follow-up non-BPA-side pulmonary vascular resistance. The correlations between

baseline and follow-up non-BPA-side pulmonary vascular resistance (PVR) are shown (A). The reduction in the non-BPA-side PVR is greater

in patients with higher baseline PVR (B).
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Supplementary data

Supplementary Figure 1. Changes in individual haemodynamic parameters after BPA. The changes in
pulmonary arterial pressure (upper panel), flow (middle panel), and resistance (bottom) before and after
BPA in a total of 13 BPA sessions without patient overlap are shown. BPA-side, non-BPA-side, and total
values are distinguished. The main pulmonary artery pressure was the same as the right and left

pulmonary arterial pressures.
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Supplementary Figure 2. Subgroup analysis for prostanoid usage on the change in PVR before and after
BPA. Patients who had high baseline PVR more frequently received prostanoids (solid line). In addition
to total (centre panel) and BPA-side PVR (left panel), non-BPA-side PVR (right panel) decreased after

BPA irrespective of prostanoid usage.
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