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Abstract

Purpose: Remodeling in the right-sided heart plays an important role in the
management of pulmonary hypertension (PH) patients. However, the effect of balloon
pulmonary angioplasty (BPA) on right ventricular (RV) and right atrial (RA)
morphology of patients with chronic thromboembolic pulmonary hypertension
(CTEPH) remains uncertain.

Methods: This study involved 45 CTEPH patients who underwent BPA with mean
pulmonary artery pressure (mPAP) of 37.0mmHg (all>25mmHg). All patients
underwent echocardiography and right-heart catheterization at baseline and 3 months
after BPA. RV and RA remodeling was assessed as RV and the RA area, and RV systolic
function was calculated by averaging peak speckle-tracking longitudinal strain of the
RV free-wall (RV free-wall strain).

Results: Significant reverse remodeling in the right-sided heart was observed after BPA,
resulting in improvement of mPAP and pulmonary vascular resistance (RV area: from
15.0£5.3 cm? to 9.6£3.0 cm?, p<0.0001; RA area: from 17.3+6.6 cm? to 13.4+3.8 cm?,
p=0.0002; RV free-wall strain: from 15.9+£5.6% to 21.2+4.9%, p<0.0001). Furthermore,
multiple regression analysis showed that the baseline RV area was an independent
predictor of post-BPA normalization of RV systolic function defined as RV free-wall
strain >20% (odds ratio=1.16, p=0.0305). Interestingly, significant RV reverse
remodeling was also observed after additional BPA even in 18 CTEPH patients with
residual pulmonary arterial stenosis, whose mPAP was normalized after BPA (RV area:
from 11.5+3.8 cm? to 9.2+3.8 cm?, p=0.0045; RV free-wall strain: from 17.2+4.8% to
22.8+7.4%, p=0.0216).

Conclusion: Significant reverse remodeling in the right-sided heart, as well as

hemodynamic improvement, was observed in CTEPH patients after BPA.
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INTRODUCTION

Although the factors influencing prognosis for pulmonary hypertension (PH)
patients are thought to vary widely, right ventricular (RV) systolic function is one of the
most important determinants of outcome for PH patients [1-6], especially RV free-wall
longitudinal strain determined by means of two-dimensional speckle-tracking can be
more sensitive and accurate for the diagnosis of RV systolic dysfunction in patients with
PH, as well as with left-sided heart failure (HF), myocardial infarction,
cardiomyopathies, and valvular heart diseases [7]. In addition, chronic increases in
pulmonary artery pressure (PAP) and pulmonary vascular resistance (PVR) in PH
patients lead to RV remodeling, resulting in RV dysfunction and subsequent right-sided
HF and death [8]. Also, right atrial (RA) remodeling is thought to be an indicator of RA
pressure, thus also reportedly making this an important prognostic marker for PH
patients [9-11]. Therefore, remodeling in the right-sided heart, including its RV systolic
function, can play an important role in the management of PH patients.

Chronic thromboembolic pulmonary hypertension (CTEPH) is classified within
Group 4 PH [12], which is characterized pathologically by organized thromboembolic
material and by altered vascular remodeling initiated or potentiated by a combination of
defective angiogenesis, impaired fibrinolysis and endothelial dysfunction [13] [14].
While pulmonary endarterectomy (PEA) is the main therapy after optimal medications
for eligible CTEPH patients, for inoperable patients, balloon pulmonary angioplasty
(BPA) is an alternative therapy choice [11, 15-17]. However, the association of BPA
with RV and RA morphologic changes in the right-sided heart of CTEPH patients
remains uncertain. Our aim was thus to investigate the effect of BPA on right-sided

heart remodeling in CTEPH patients.



Materials and Methods
Study population

We prospectively recruited 45 CTEPH patients who underwent BPA at Kobe
University Hospital between August 2011 and July 2019. The diagnosis of CTEPH was
based on the two following findings obtained after at least 3 months of effective
anticoagulation: 1) mean PAP (mPAP) >25 mmHg with pulmonary artery wedge
pressure <15 mmHg as measured by right-heart catheterization (RHC); 2) chronic
thromboembolic obstruction of the pulmonary artery identified with lung scan,
multidetector computed tomography angiography, or pulmonary angiography [18].
Patients who had undergone PEA or who had very severe valvular diseases were
excluded from this study. This study was approved by the local ethics committee of our
institution (No. B190262).
BPA candidates and procedure

All CTEPH patients were considered to have inoperable diseases if they had
distal, surgically inaccessible thrombi after at least 3 months of anticoagulation therapy.
Selection of BPA or PEA was confirmed by the PH team at our institute, including
cardiac surgeons with expertise in performing PEA and cardiologists with expertise in
performing BPA. The BPA procedure was described in previous reports of ours [17, 19,
20]. The intervention during one session was limited to one to two segments in one lobe
to prevent severe reperfusion pulmonary edema after BPA.
Hemodynamic measurements

All patients underwent RHC for hemodynamic measurements. mPAP, PVR, RA

pressure and cardiac output were calculated using the Fick principle. Investigators



blinded to the echocardiographic data acquired the pressure measurements. Follow-up
RHC was performed 3 months after final BPA.
Echocardiographic examination

All echocardiographic studies were performed with commercially available
echocardiography systems equipped with a 3.5-MHz transducer (Vivid E9; GE
Vingmed Ultrasound AS, Horten, Norway). Routine digital grayscale 2-D cine loops
and tissue Doppler cine loops were obtained from three consecutive beats with
end-expiratory apnea and from standard apical and parasternal views. Sector width was
optimized to allow for complete myocardial visualization while frame rate was
maximized regardless of heart rate. Standard echocardiographic measurements were
obtained according to the current guidelines of the American Society of
Echocardiography (ASE) / European Association of Cardiovascular Imaging
(EACVI)[21]. Digital data were transferred to dedicated offline software (EchoPAC
version BTO8; GE Vingmed Ultrasound AS) for subsequent offline speckle-tracking
analysis. After at least 3 months of effective anticoagulation, baseline echocardiography
was performed 2.9+2.1 months before first BPA in this study. Follow-up
echocardiography was performed within 0.9+2.1 day of follow-up RHC.
Assessment of remodeling in right-sided heart

Remodeling in the right-sided heart was assessed in terms of, respectively, the
RV and RA area, and of RV systolic function. The RV area was obtained using
planimetric tracing at end-systole from the annulus along the free-wall to the apex, and
then back to the annulus along the interventricular septum from RV-focused apical
4-chamber views [22]. Similarly, the RA area was obtained using planimetric tracing at

the end of the ventricular systole from the lateral aspect of the tricuspid annulus to the



septal aspect, excluding the RA endocardium, and excluding the inferior and superior
vena cava and RA appendage from the RV focused apical 4-chamber view [22]. RV
systolic function was assessed as RV free-wall strain by means of two-dimensional
longitudinal speckle-tracking strain, which in turn was calculated by averaging each of
the three regional peak systolic strains along the entire RV free-wall, and expressed as
an absolute value [21]. In accordance with the current ASE/EACVI guideline, the
predefined cutoff for RV systolic dysfunction was set at an RV free-wall strain of < 20%
[21].
Statistical analysis

Continuous variables were expressed as mean values and standard deviation for
normally distributed data, and as the median and interquartile range for non-normally
distributed data. Categorical variables were expressed as frequencies and percentages.
The parameters of subgroups were compared by means of the Student ¢ test or
Mann-Whitney U test as appropriate. Multiple regression analysis based on stepwise
selection was performed to identify independent determinants of normalized RV systolic
function. The entry criterion for an individual item into the multiple regression model
was p<0.05, and candidate parameters were RV area, and RA area,. The intraclass
correlation coefficient was used to determine inter- and intra-observer reproducibilities
for RV free-wall strain from 20 randomly selected patients using an identical cine-loop
for each view. For all tests, a p value <0.05 was considered statistically significant. All
the analyses were performed with commercially available software (MedCalc software

version 18.1.1.; MedCalc Software, Mariakerke, Belgium).

RESULTS



Patient characteristics

The baseline clinical and echocardiographic characteristics of the 45 CTEPH
patients are summarized in Table 1. Their mean age was 69.3 + 11.3 years and 35
patients (78%) were female. mPAP and PVR were 37.0 £ 8.4 mmHg and 679.3 + 391.4
dyne-sec-cm™, respectively. The intraclass correlation coefficient for inter-observer
reproducibility of RV free-wall strain was 0.962 (95% confidence interval: 0.906-0.985),
and the intraclass correlation coefficient for intra-observer reproducibility of RV
free-wall strain was 0.989 (95% confidence interval: 0.970-0.996).
Clinical and hemodynamic measurements after BPA

The clinical and hemodynamic measurements between before and after BPA
are summarized in Table 2. Patients underwent 4.0+1.2 BPA sessions, and all procedures
were successfully performed without any deaths or major complications, such as severe
reperfusion pulmonary edema requiring invasive mechanical ventilation. mPAP and
PVR significantly decreased from 37.0+8.4 mmHg to 20.8+7.0 mmHg (p<0.0001), and
from 679.3+391.4 dyne-sec-cm™ to 300.4+292.3 dyne-sec-cm™ (p<0.0001), respectively.
Moreover, BNP level decreased, while 6-minute walk distance increased after BPA.
Remodeling in right-sided heart before and after BPA

Figure 1 shows the effect of BPA on remodeling in the right-sided heart. The
RV area significantly decreased from 15.0+5.3 cm? to 9.6+3.0 cm? (p<0.0001), and RV
free-wall strain increased from 15.9+£5.6% to 21.2+4.9% (p<0.0001). In addition, the
RA area significantly decreased from 17.3+6.6 cm? to 13.4+3.8 cm? (p=0.0002).

Fourteen patients (31%) had significant tricuspid regurgitation (TR), which was

defined as more than moderate TR at baseline, and only 3 patients still had significant



TR at 3 months after BPA. Moreover, an improvement in severity of TR by a grade of 1
or more was observed in 24 patients among entire patients.
Association of normalized RV function with baseline parameters after BPA

Normalized RV systolic function after BPA, determined as RV free-wall
strain>20%, was observed in 26 patients (65%). Table 3 shows the results of the
multiple regression analysis for the association of normalized RV function with baseline
clinical and echocardiographic parameters. An important finding of the multiple
regression analysis was that the RV area at baseline was an independent predictor of
normalized RV systolic function after BPA (odds ratio: 1.16, 95% confidence interval:
1.01-1.34, p=0.0305).
Additional BPA for patients with residual pulmonary arterial stenosis and mPAP
normalized after BPA

There were 18 patients whose mPAP was normalized after several BPA
sessions but who still had residual pulmonary arterial stenosis. These patients
subsequently underwent additional BPA sessions after at least 3 months to ameliorate
symptoms and exercise capacity, and improve further hemodynamic parameters [20].
When compared the hemodynamic and echocardiographic measurements between
before and after additional BPA in these patients, mPAP significantly decreased from
21.3+4.7 mmHg to 10.8+8.9 mmHg (p<0.0001), while PVR was somewhat reduced
from 339.2+167.2 dyne-sec-cm™ to 257.7+76.4 dyne-sec-cm™ (p=0.0833) after
additional BPA. In addition, the RV area showed a significant decrease-from 11.5+3.8
cm? to 9.2+3.8 cm? (p=0.0045), and RV systolic function a further increase from

17.24+4.8% to 22.84+7.4% (p=0.0216) (Figure 2). However, no significant change was



observed in the RA area after additional BPA from 13.5+2.8 cm? to 12.9+4.8 cm?
(p=0.5256).

Figure 3 shows a representative case of RV-focused apical 4-chamber view at
end-systole, and of the parameters of remodeling in the right-sided heart and

hemodynamic parameters at baseline, after BPA and after additional BPA.

DISCUSSION

Key findings of our study are: 1) significant reverse remodeling in the
right-sided heart as well as hemodynamic improvement was observed after BPA for
CTEPH patients; 2) The RV area at baseline proved to be an independent predictor of
normalized RV systolic function after BPA, and 3) RV reverse remodeling was also
observed after additional BPA even in CTEPH patients whose mPAP was normalized
after hemodynamic normalization.
Remodeling in right-sided heart of CTEPH patients

Chronic increases in PAP and PVR lead to the remodeling of the right-sided
heart in PH patients. Specifically, the resultant morphological changes including
progressive RV remodeling lead to RV dysfunction and subsequent right-sided HF and
death [8]. Although there are many prognostic predictors for PH patients, not all of them
can be used for individual patients [11]. The development of one of these predictors, RV
systolic dysfunction in PH patients, has been associated with adverse outcomes
regardless of the underlying clinical entity, so that the assessment of RV systolic
function has become increasingly important in the management of such patients [3-6].
In addition, RV remodeling was also found to be associated with unfavorable outcome

as well as RV systolic dysfunction in PH patients [23, 24]. On the other hand, RA
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remodeling is reportedly an independent predictor of outcome for PH patients [9-11].
We previously reported that the RA area correlated with mean RA pressure as well as
with tricuspid E/e’ in PH patients, and that patients with RA remodeling, defined as RA
area>18cm?, suffered unfavorable outcomes compared to those without RA remodeling
[9]. Moreover, RV systolic dysfunction and RA remodeling (RV free-wall strain<19.4%
and RA area >18cm?) in PH patients were associated with worse long-term survival than
that of other sub-groups. We also previously reported that reverse remodeling of the
right-sided heart, such as demonstrated by RV and RA reverse remodeling mid-term
(5.7 months) after administration of PH-specific drugs, was associated with favorable
long-term outcome for PH patients [25]. Furthermore, preserved baseline RV systolic
function, defined as RV free-wall strain>19%, and significant mid-term RV and RA
reverse remodeling were associated with more favorable long-term outcomes. Therefore,
not only RV remodeling but also overall remodeling in the right-sided heart can play a
critical role in the management of PH patients.

Apart from its utility, however, the of remodeling in the right-sided heart on
CTEPH patients or that of BPA on reverse remodeling in the right-sided heart in such
patients have not been fully investigated. CTEPH is a life-threatening condition that
leads to progressive right-sided HF and a poor prognosis [26, 27]. Although PEA is an
established treatment for CTEPH with an acceptable mortality [28, 29], a limited
post-operative reduction in PVR occurs in some patients with distal, surgically
inaccessible thrombosis or significant but small vessel arteriopathy [26]. BPA has been
reported to significantly decrease mPAP and PVR and, subsequently, improve the
functional status and exercise capacity of patients who are not candidates for PEA due

to distal-type CTEPH, severe concomitant comorbidity, or residual PH after PEA [11,
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15-17]. Fukui et al found, by means of cardiac magnetic resonance imaging after BPA,
a marked improvement in RV end-diastolic and end-systolic volume index, with
concomitant improvements in the RV ejection fraction of 20 CTEPH patients [30]. They
also showed that changes in RV volumes strongly correlated with changes in cardiac
index and PVR after BPA. Kanar et al showed, by means of two-dimensional
speckle-tracking strain, that BPA had a significant impact on the improvement of RV
systolic function and RV mechanical dispersion of 20 CTEPH patients[31].
Impact of additional BPA on remodeling in right-sided heart

Significant RV reverse remodeling was observed in our study after additional
BPA even in a subset of 18 patients whose mPAP was normalized after several BPA
sessions. Shinkura, a colleague of ours, and his coworkers demonstrated the utility of
additional BPA for targeting residual pulmonary arterial stenosis in CTEPH patients
whose mPAP was normalized after several BPA sessions [20]. They showed that
additional BPA can safely ameliorate symptoms and exercise capacity as a result of
additional improvement in hemodynamics. Although it remains uncertain if additional
BPA can lead to reverse remodeling in the right-sided heart even for CTEPH patients
whose mPAP has been normalized, we observed that RV reverse remodeling as well as
hemodynamic improvement occurred in such patients after additional BPA.
Clinical implications

Significant reverse remodeling in the right-sided heart was observed by us in
CTEPH patients after BPA as well as in PAH patients after administration of
PH-specific drugs, and RV remodeling before BPA was shown to be an independent
predictor associated with normalized RV systolic function after BPA. As has been

described above, remodeling in the right-sided heart before treatment and reverse
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remodeling in the right-sided heart after treatment had a favorable impact on long-term
outcome for PH patients. In addition, we showed that further RV reverse remodeling
occurred even in CTEPH patients whose mPAP was normalized after several BPA
sessions following additional BPA. Thus, the echocardiographic assessment of overall
right-sided heart remodeling may constitute a promising non-invasive parameter for
better management of CTEPH patients undergoing BPA. In addition, RV area at
baseline was an independent predictor of normalized RV systolic function after BPA in
this study. The early intervention for CTEPH patients may thus be considered at the
time of the presence of RV remodeling to obtain favorable outcome.
Study limitations

This study comprised a small number of patients in a single-center
retrospective study, so that future prospective studies with larger patient populations
will be needed to validate our findings. In addition, remodeling of the right-sided heart
was assessed in terms of the RV and RA areas, as well as RV free-wall strain, which
were obtained from a 2-dimensional single echocardiographic image. Because RV and
RA performance is in fact a 3-dimensional phenomenon, cardiac magnetic resonance
imaging or novel 3-dimensional echocardiography would be a more accurate modality
for assessment of remodeling of the right-sided heart. Finally, the period between
baseline echocardiography and first BPA was not close in this study so that the effect of
anticoagulation therapy on hemodynamic parameters may be suspected. However, all
patients received at least 3 months of effective anticoagulation therapy, and tricuspid
regurgitation pressure gradient by means of quick echocardiography just before first
BPA remained unchanged. Thus, the improvement of hemodynamic parameters was

thought to be due to BPA rather than anticoagulation therapy.
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Conclusion
Significant reverse remodeling in the right-sided heart was observed in CTEPH
patients after BPA. Our findings may well have clinical implications for better

management of CTEPH patients referred for BPA.
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Figure Legends

Figure 1: Box-whisker plots showing the parameters of remodeling in the right-sided
heart including the RV area, RV free-wall strain and the RA area at baseline and after
BPA in CTEPH patients, demonstrating that the RV area significantly decreased, RV

free-wall strain significantly increased, and the RA area significantly decreased.

Figure 2: Box-whisker plots of the parameters of remodeling in the right-sided heart
including the RV area, RV free-wall strain and the RA area at baseline and after
additional BPA in a subset of 18 patients whose mPAP was normalized after several
BPA sessions but who still had residual pulmonary arterial stenosis. The graphs show
that the RV area significantly decreased and RV free-wall strain significantly increased,

but no significant change occurred in the RA area.

Figure 3: Representative case of RV-focused apical 4-chamber view at end-systole, and
of the parameters of the right-sided heart remodeling and hemodynamic parameters for

a 72-year-old female CTEPH patients at baseline, after BPA, and after additional BPA.
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Table 1

Baseline characteristics of patients

CTEPH Patients
(n=45)
Age, years 69.3+11.3
Gender (Female), n (%) 35(77.8)
Brain natriuretic peptide, pg/mL 71.2 [26.2-211.5]
6-minute walk distance, m 316.9+100.6
Hemodynamic parameters
mPAP, mmHg 37.0+£8.4
PVR, dyne- s!'- cm™ 679.3£391.4
Heart rate, bpm 74.0£9.5
Stroke volume, mL 53.9+19.3
Stroke volume index, mL/min/m? 33.9+10.6
Cardiac output, L/min 3.9£1.9
Cardiac index, L/min/m? 2.540.8
Mean RA pressure, mmHg 5.6+2.8
Echocardiographic parameters
LV end-diastolic volume, mL 55.7+£17.9
LV end-systolic volume, mL 18.9+£9.3
LVEF, % 66.2+11.4
Left atrial volume index, mL/m? 30.1£10.3
More than moderate TR, n (%) 14 (31)
TR-PG, mmHg 55.8+16.9
RV area, cm? 20.745.0
RV mid dimeter, mm 31.2+7.7
RV basal dimeter, mm 35.4+6.8
RA area, cm’ 15.0+£5.3
RA volume, mL 56.21+35.0
RV free-wall strain, % 15.9+£5.6
RVFAC, % 28.2+13.1
TAPSE, mm 17.3+4.5

Data are mean = SD for normally distributed data and median and interquartile range for
non-normally distributed data, or n (%).

mPAP= mean pulmonary artery pressure; PVR= pulmonary vascular resistance; RA=



right atrial; bpm= beats per minute; LVEF= left ventricular ejection fraction;
TR=tricuspid regurgitation, RV= right ventricular; RVFAC=right ventricular fractional

area change; TAPSE=tricuspid annular plane systolic excursion



Table 2

Hemodynamic measurements baseline and 3 months after BPA

Baseline 3 months after BPA P value
Brain natriuretic peptide, pg/mL 71.2[26.2-211.5]  22.7[11.7-50.6] 0.0006
6-minute walk distance, m 316.9+£100.6 374.0+101.2 0.0032
Hemodynamic parameters
mPAP, mmHg 37.0+8.4 20.8+7.0 <0.0001
PVR, dyne- s+ cm™ 679.3+£391.4 300.44+292.3 <0.0001
Heart rate, bpm 74+9.5 66.0+18.7 <0.0001
Stroke volume, mL 53.9+19.3 60.5+18.7 0.0458
Stroke volume index, mL/min/m? 33.9+10.6 38.8+10.4 0.0287
Cardiac output, L/min 3.9+1.9 3.9+1.3 0.9628
Cardiac index, L/min/m? 2.5+0.8 2.5£0.6 0.9035
Mean RA pressure, mmHg 5.6+2.8 4.2+3.6 0.0748

Data are mean &+ SD for normally distributed data and median and interquartile range for

non-normally distributed data, or n (%).

All abbreviations as in Table 1.



Table 3

Multiple regression analysis for the association of normalized RV systolic function

after BPA
Univariate Multivariate
Covariate OR 95%ClI pvalue OR 95%CI p value
Age 099 0091-1.07 0.7539
Gender 2.01  0.28-14.2 0.4834
mPAP 097 0.80-1.17 0.7772
PVR 1.00  0.99-1.01 0.2060
Cardiac output 3.89 0.98-15.41 0.0529
RV area 1.38  1.06-1.79 0.0171 1.16 1.01-1.34  0.0305
RA area 091 0.76-1.09  0.3033

All abbreviations as in Table 1.
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77-year-old female

Baseline

13.4cm?

RV area

RV free-wall strain 9.9%

RA area 13.8cm?

mPAP 38mmHg

PVR 1481dyne-sec-cm

After BPA

RV area 10.9cm?

RV free-wall strain 16.1%

RA area 13.5cm?

mPAP 17mmHg

PVR 491dyne-sec-cm™

After Additional BPA

RV area 6.6cm?

RV free-wall strain 21.9%

RA area 7.2cm?

mPAP 16mmHg

PVR 273dyne-sec-cm™
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