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A B S T R A C T

Background: Balloon pulmonary angioplasty (BPA) improves pulmonary hemodynamics in chronic thrombo-
embolic pulmonary hypertension (CTEPH) patients. However, whether it affects the severity of sleep apnea
(SA) remains unknown. We investigated the effect of BPA on the severity of SA in CTEPH patients.
Methods: We studied 13 patients with CTEPH who had an apnea hypopnea index (AHI) > 10 before BPA and
underwent a second polygraph test 6 months after the last BPA session.
Results: BPA decreased pulmonary vascular resistance, mean pulmonary artery pressure (PAP), and plasma B-
type natriuretic peptide levels, and increased the 6-minute walking distance. BPA decreased the AHI (from
20.9 [13.9�35.7] to 16.3 [7.7�21.8] times/hour, P = 0.023) and hypopnea index (from 13.2 [8.4�22.5] to 6.4
[3.8�10.9] times/hour, P = 0.013), but not the obstructive, central, or mixed apnea index. The change in AHI
correlated with that in mean PAP, but not with the change in body mass index or other parameters of
hemodynamics.
Conclusions: BPA-induced improvement in hemodynamics was associated with the attenuation of SA in
patients with CTEPH and SA. Therefore, close attention should be paid to SA in CTEPH patients, and SA should
be re-evaluated after BPA to avoid overestimating its severity.

© 2019 Elsevier Inc. All rights reserved.
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Introduction

There is accumulating evidence that sleep apnea (SA) is highly
prevalent in patients with pulmonary hypertension (PH) including
chronic thromboembolic pulmonary hypertension (CTEPH) and pul-
monary arterial hypertension.1�4 SA is known to be associated with
the hemodynamic status in patients with PH.2,3 For instance, a noc-
turnal oximetry study in 43 PH patients revealed that nocturnal hyp-
oxemia was associated with advanced PH and right ventricular
dysfunction.2 Orr et al. demonstrated that cardiac index (CI) strongly
predicted the presence and severity of SA in CTEPH patients.3

Although the mechanism of high prevalence of SA in PH patients
still remains to be elucidated, it is plausible that it could be explained
by hemodynamics-related mechanisms (e.g. nocturnal rostral fluid
shift in congestive status or instability of ventilatory control in low
cardiac output states).5,6 If this is true, hemodynamic improvement
could attenuate the severity of SA in PH, as in heart failure.7�9 Balloon
pulmonary angioplasty (BPA) improves the hemodynamics, func-
tional capacity, and right ventricular remodeling in CTEPH patients.10
Thus, patients treated with BPA are suitable candidates for testing the
hypothesis that the severity of SA could decrease in parallel with
improvement of hemodynamic parameters. In this study, we investi-
gated the effect of BPA on SA in patients with CTEPH (i.e. comparison
of SA severity before and after BPA), and attempted to distinguish
those hemodynamic parameters that, when changed, resulted in the
most significant change of SA parameters after BPA.

Methods

This was an observational study in a single university-based hos-
pital center in Japan. We examined 53 consecutive CTEPH patients
who were candidates for BPA and underwent a polygraph test before
BPA from July 2013 to April 2015. The diagnosis of CTEPH was based
on the visualization of confirmed pulmonary thromboembolism on
contrast-enhanced lung computed tomography, perfusion lung scin-
tigraphy, and pulmonary angiography after ruling out collagen vascu-
lar disease, parenchymal lung disease, left heart abnormality, and
other systemic diseases by blood tests, pulmonary function tests, and
echocardiography.11 Mean pulmonary artery pressure (PAP) �25mm
Hg was confirmed on initial assessment during right heart catheteri-
zation (RHC). We excluded 17 patients who underwent polygraph
test with oxygen flow, 16 patients with AHI � 10 before BPA, and 7
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Table 1
Changes in RHC parameters, polygraph test data, laboratory data, BMI, WHO functional
class, and 6MWD

Before BPA 6 months after BPA P-value

RHC parameters
mean RAP, mmHg 6 (4�10) 2 (1�5) 0.002
mean PAP, mmHg 39 (32 �49) 18 (16�23) 0.001
CI, L/min 2.2 (1.9 �2.5) 2.1 (2.0 �3.1) 0.263
PCWP, mmHg 10 (6 �12) 6 (5 �9) 0.050
PVR, dynes¢sec¢cm¡5 523 (478 �1020) 239 (149 �323) 0.001

Polygraph test data
AHI, times/hour 20.9 (13.9 �35.7) 16.3 (7.7 �21.8) 0.023
Obstructive apnea
index, times/hour

1.6 (0.8 �12.8) 7.1 (1.9�12.2) 0.152

Central apnea
index, times/hour

0.7 (0.0 �1.9) 0.1 (0.0 �1.0) 0.173

Mixed apnea index,
times/hour

0.0 (0.0�0.7) 0.1 (0.0 �0.3) 0.213

Hypopnea index,
times/hour

13.2 (8.4 �22.5) 6.4 (3.8 �10.9) 0.013

% Total sleep
time <90% SpO2, %

74.8 (31.9�85.6) 11.9 (2.7�22.8) 0.005

BMI, kg/m2 22.6 (20.5�26.3) 23.5 (21.9�28.0) 0.039
Laboratory data

BNP, pg/mL 22.1 (16.0�208.1) 11.8 (8.0�47.4) 0.028
eGFR, mL/min/1.73 m2 69.0 (53.5 �73.0) 74.0 (57.5 �82.0) 0.126
SaO2, % 89.8 (88.2�91.2) 95.5 (94.6 �96.2) 0.001

WHO functional class, n (%) 0.002
I 0 (0) 7 (54)
II 2 (15) 6 (46)
III 11 (85) 0 (0)
IV 0 (0) 0 (0)

6MWD, m 358 (249 �398) 500 (445 �558) 0.001

Values are expressed as median (25th�75th percentile) for continuous variables, and
as number and percentage for categorical variables.
RHC, right-sided heart catheterization; BMI, body mass index; WHO, world health
organization; 6MWD, 6-min walking distance; BPA; balloon pulmonary angioplasty;
RAP, right atrial pressure; PAP, pulmonary artery pressure; CI; cardiac index; PCWP,
pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; AHI, apnea
hypopnea index; SpO2, oxygen saturation; BNP, B-type natriuretic peptide; eGFR, esti-
mated glomerular filtration rate.

322 T. Kohno et al. / Heart & Lung 48 (2019) 321�324
patients with incomplete polygraph test data. Finally, we studied 13
patients with CTEPH who had an AHI > 10 before BPA, and these
patients underwent a second polygraph test 6 months after the last
BPA session.

The polygraph test was performed using an unattended system
(Morpheus

�
; Teijin, Tokyo, Japan) that monitored the electrocardio-

gram, chest, and abdominal respiratory effort, nasal airflow, and arte-
rial oxyhemoglobin saturation. The accuracy of this type of portable
monitor in diagnosing SA and measuring its severity with high repro-
ducibility compared with polysomnography (PSG) has been previ-
ously validated.12�14 A single-night sleep log was used to minimize
the potential for overestimating total sleep time. Episodes of apnea
and hypopnea were scored according to the American Academy of
Sleep Medicine manual.15 Apnea was defined as a > 90% reduction in
the amplitude of nasal pressure and hypopnea was defined as >50%
reduction in the amplitude of nasal pressure associated with a� 3%
reduction in oxygen saturation for at least 10 s. The total number of
apnea and hypopnea episodes was divided by the total sleep time to
calculate the AHI. The major polygraphic parameters investigated
were the AHI, the central apnea index, the obstructive apnea index,
mixed apnea, hypopnea, and% total sleep time with < 90% SpO2

(T90%).
All patients underwent RHC for the measurement of right atrial

pressure (RAP) and PAP prior to and 6 months after BPA. The cardiac
index (CI) was determined by the Fick technique. The pulmonary vas-
cular resistance (PVR) was calculated by subtracting the pulmonary
capillary wedge pressure (PCWP) from the mean PAP, and dividing it
by the cardiac output, as reported previously.16,17 Their laboratory
data were evaluated and the functional capacity was determined
(World health organization [WHO] functional class and 6-minute
walking distance [6MWD]) within 1 day of the polygraph test. All
patients provided informed consent, and the study protocol con-
formed to the ethical guidelines of the 1975 Declaration of Helsinki
as reflected in a priori approval by the institution's human research
committee.

Values are expressed as median (25th to 75th percentile) for con-
tinuous variables, and as number and percentage for categorical vari-
ables. Changes in RHC parameters, polygraph test data, laboratory
data, body mass index (BMI), and functional capacity between before
and 6 months after BPA were compared using Wilcoxon matched-
pairs signed rank test. Kendall's rank correlation coefficients were
used to evaluate the correlation between the change in AHI and other
parameters. P values less than 0.05 were considered statistically sig-
nificant. Data were analyzed using the SPSS statistical software (SPSS
Inc., Chicago, IL, USA).
Results

A total of 13 patients with SA who underwent BPA were enrolled
(age 57 [53�65] years; 6 male [46%]; 13 [11�15] target vessels per
patient; 6 [4�8] sessions per patient). Twelve patients (92%) were
receiving home oxygen therapy before BPA. No patient was previ-
ously treated with pulmonary endarterectomy. Warfarin, loop diu-
retics, phosphodiesterase type-5 inhibitors, endothelin receptor
antagonists, prostacyclin analogues, and soluble guanylate cyclase
stimulators had been prescribed for all patients (100%), 4 patients
(31%), 7 patients (54%), 2 patients (15%), 1 patient (8%), and 1 patient
(8%), respectively.

Table 1 shows the changes in RHC parameters, polygraph test
data, laboratory data, BMI, and functional capacity between before
and 6 months after BPA. BPA decreased PVR, mean RAP, mean PAP,
and plasma B-type natriuretic peptide (BNP) level, and increased
blood gas oxygen saturation (SaO2) level at rest, and 6MWD.
The WHO functional class of the patients improved and their BMI
increased after BPA. A significant decrease in AHI (Table 1 and
Fig. 1A), hypopnea index, and T90% was observed 6 months after BPA.

Before BPA, 10 patients (77%) had obstructive-type SA (OSA) and 3
patients (23%) had central-type SA (CSA). Six months after BPA, 2
patients had unrecognized SA and no patient had CSA, while the
other 11 patients (85%) had OSA. The change in AHI significantly cor-
related with the change in mean PAP (Fig. 1B), but not with the
change in CI (r = ¡0.256, P = 0.222), T90% (r = ¡0.026, P = 0.903), BMI
(r = 0.282, P = 0.180), 6MWD (r = 0.256, P = 0.222), plasma BNP level
(r = 0.359, P = 0.088), blood gas SaO2 level (r = ¡0.260, P = 0.221) or
other hemodynamic parameters (mean RAP; r = 0.325, P = 0.135, PVR;
r = 0.308, P = 0.143).
Discussion

To our knowledge, this is the first study revealing that BPA attenu-
ated the severity of SA in patients with CTEPH. SA, particularly OSA, is
mainly caused by the presence of excessive soft tissue in the neck,
and obesity is one of the main risk factors.18 In the present study,
very few patients were overweight or obese. Further, AHI decreased
although BMI increased after BPA, strongly suggesting that SA in
patients with CTEPH might be caused by other mechanisms. In
patients with left heart failure, the use of carvedilol,7 cardiac resynch-
ronization therapy,8 and left ventricular assist device9 reduces the
severity of SA. The previous studies suggest that SA was associated
with hemodynamic changes in heart failure; increase in cardiac out-
put as well as decrease in PCWP was associated with a decrease in SA
severity, mainly through the attenuation of CSA.9,19 However, little



Fig. 1. Severity of SA before and 6 months after BPA for CTEPH (A) and correlation between the changes in AHI and mean PAP 6 months after BPA (B)
SA, sleep apnea; BPA, balloon pulmonary angioplasty; CTEPH, chronic thromboembolic pulmonary hypertension; AHI, apnea hypopnea index; PAP, pulmonary artery pressure.
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had been known about whether changes in hemodynamics could
affect the severity of SA in patients with PH. We demonstrated that a
change in mean PAP was associated with a change in AHI, suggesting
that SA could be associated with the hemodynamic status of the PH
patient.

Although the elucidation of the mechanisms of improvement in
SA after BPA is beyond the scope of our current study, there are sev-
eral plausible mechanisms. First, the high prevalence of OSA in non-
obese patients led us to hypothesize that fluid retention, and more
specifically, nocturnal shift of dependent fluid rostrally while recum-
bent during sleep, is involved in the pathogenesis of SA.5 Thus, the
hemodynamic improvement by BPA might attenuate the fluid reten-
tion in the legs and its rostral shift, leading to the observed improve-
ment in SA. Second, low CI contributes to unstable breathing,6 which
may be relevant in SA, although our data do not support this view
because there was no significant association between change of AHI
and that of CI after BPA. Third, patients with CTEPH are known to
have low baseline oxygen saturation, which probably contributes to
the high prevalence of SA. Due to significant ventilation/perfusion
mismatch in CTEPH, the oxygen saturation of hemoglobin is on the
steeper part of the dissociation curve, whereby relatively small per-
turbation can result in significant desaturation, as discussed in the
other paper.3 After BPA, improvement in ventilation/perfusion
mismatching may have resulted in decreased AHI. Since our data are
a preliminary result, the interpretation of these results needs to be
made with caution. The attenuation of SA after BPA could be multifac-
torial, and the comprehensive assessment of rostral fluid shift, cardiac
output and breathing stability during sleep, and gas exchange effi-
ciency in a large multicenter study will likely be required to elucidate
the detailed mechanism of SA attenuation after BPA in future. From
the clinical point of view, close attention should be paid to SA in
patients with CTEPH, and mean PAP could be an indicator of SA
severity.

Although hemodynamic status could affect SA severity according
to our data, apnea-induced hypoxemia and sustained periods of noc-
turnal oxygen desaturation are also known to induce pulmonary arte-
rial vasoconstriction, which may contribute to exacerbation of
PH.18,20 These findings suggest that there might be a bidirectional
relationship between SA and PH. In addition to treatment for SA itself,
management of hemodynamics could be an important clinical strat-
egy for the treatment of SA in patients with CTEPH. Whether treat-
ment of residual SA as part of the management of PH could affect PH
severity and long-term clinical outcome needs to be evaluated in a
future study. This kind of research may justify initiatives to identify
the presence of SA in patients with CTEPH by routine screening and
to identify those needing treatment using continuous positive airway
pressure.

The results of our study suggest that SA needs to be re-evaluated
after BPA to avoid overestimating its severity. Thus, in addition to the
screening for SA in PH patients, which was described in the recently
reported expert opinion statement,21 repeated assessments for SA
might be required during the treatment for PH. For future research,
the pathological effect of SA and the impact of its treatment need to
be elucidated, as discussed above. Larger multi-center studies are
required to define the role of SA in the pathogenesis or progression of
CTEPH and the clinical impact of its treatment (e.g. continuous posi-
tive airway pressure, adaptive servo ventilation, or nocturnal supple-
mental oxygen).

The present study has several limitations that should be consid-
ered when interpreting the results. First, because our findings were
based on observations at a single institution and the number of
patients was small, the statistical power might be inadequate to
detect any negative outcomes, especially their association with
hemodynamics and SA parameters. Second, PSG evaluation will be
needed to evaluate the precise severity and type of SA, exact total
sleep duration, and sleep stages. Third, our study population included
only patients who underwent BPA. Thus, there is no control condition
(e.g. CTEPH patients treated with medication intended to treat PH) in
this study and it cannot be determined whether reduction in the
severity of SA can be attributed to BPA or whether medical therapy
would have a similar benefit. Despite these limitations, this study has
highlighted dynamic changes of SA status in CTEPH patients treated
with BPA.

In conclusion, BPA attenuates SA in patients with CTEPH, suggest-
ing that the severity of SA in patients with CTEPH could be modulated
by a change in hemodynamic parameters. Therefore, close attention
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should be paid to SA in patients with CTEPH; in addition, SA should be
re-evaluated after BPA to avoid overestimating the severity of SA.
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