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Abstract

Background

Pulmonary arterial hypertension (PAH) is frequently complicated by sleep disordered

breathing (SDB), and previous studies have largely focused on hypoxemic SDB. Even

though nocturnal hypercapnia was shown to exacerbate pulmonary hypertension, the clini-

cal significance of nocturnal hypercapnia among PAH patients has been scarcely

investigated.

Method

Seventeen patients with PAH were identified from 246 consecutive patients referred to

Kyoto University Hospital for the evaluation of lung transplant registration from January

2010 to December 2017. Included in this study were 13 patients whose nocturnal transcuta-

neous carbon dioxide partial pressure (PtcCO2) monitoring data were available. Nocturnal

hypercapnia was diagnosed according to the guidelines of the American Academy of Sleep

Medicine. Associations of nocturnal PtcCO2 measurements with clinical features, the find-

ings of right heart catheterization and pulmonary function parameters were evaluated.

Results

Nocturnal hypercapnia was diagnosed in six patients (46.2%), while no patient had daytime

hypercapnia. Of note, nocturnal hypercapnia was found for 5 out of 6 patients with idiopathic

PAH (83.3%). Mean nocturnal PtcCO2 levels correlated negatively with the percentage of

predicted total lung capacity (TLC), and positively with cardiac output and cardiac index.
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Conclusion

Nocturnal hypercapnia was prevalent among advanced PAH patients who were waiting for

lung transplantation, and associated with %TLC. Nocturnal hypercapnia was associated

with the increase in cardiac output, which might potentially worsen pulmonary hypertension

especially during sleep. Further studies are needed to investigate hemodynamics during

sleep and to clarify whether nocturnal hypercapnia can be a therapeutic target for PAH

patients.

Introduction

Pulmonary hypertension (PH) is a syndrome resulting from multiple clinical conditions and

disorders. Pulmonary arterial hypertension (PAH), corresponding to Group 1 of the Nice clas-

sification, is a group of diseases directly affecting pulmonary arterial resistance. PAH includes

idiopathic PAH (IPAH), congenital heart disease-associated PH and connective tissue disease-

associated PH [1, 2].

PAH is the fourth leading cause of the necessity for lung transplantation worldwide [3].

Although the recent development of medications to lower pulmonary arterial pressure (PAP)

has substantially improved the prognosis of PAH [4], about 10% of PAH patients were

reported to die within one year after the diagnosis [5]. The prognosis is especially poor for

those with persistently high PAP despite extensive therapy [6], and considered for the candi-

dates of lung transplantation [2]. While lung transplantation has been established as a thera-

peutic option for advanced PAH, interventions that can improve the hemodynamics are also

required for those on the waiting-list for lung transplantation.

Disturbance in gas exchange is one of the major disorders in PH patients [2]. Previous stud-

ies showed that hypoxia and hypercapnia worsen PAH [7]. Indeed, hypoxia causes constriction

of the pulmonary artery and increases PAP [8]. Similarly, hypercapnia also contributes to the

elevation of PAP, and it has been proposed that increases in pulmonary vascular resistance

(PVR) and cardiac output (CO) additively work as the pathogenesis of PAH(11–13). In addi-

tion, respiratory acidosis due to high CO2 partial pressure can also cause PAP escalation [9,

10].

While the disturbance in pulmonary function causes alveolar hypoventilation and chronic

CO2 retention, sleep disordered breathing (SDB), including sleep apnea syndrome (SAS), may

result in nocturnal hypoventilation and hypercapnia [11]. Previous studies suggested that SAS

as well as nocturnal hypercapnia were associated with the escalation of PAP [12–14] and that

positive pressure ventilation during sleep could lower daytime PAP [15–17]. In addition, SAS

is a common morbidity for patients with PAH [18], thus nocturnal hypercapnia due to SDB

may play a significant role in the pathogenesis of PAH. However, thus far no study has investi-

gated the associations between nocturnal hypercapnia and clinical indices for refractory PAH

patients so far.

The objective of this study is to evaluate the clinical relevance of nocturnal hypercapnia in

advanced PAH being considered for lung transplantation. We hypothesized that nocturnal

hypercapnia would be associated with worsened PH in these most severely affected patients.

We evaluated nocturnal hypercapnia by using a transcutaneous carbon dioxide partial pres-

sure (PtcCO2) monitoring system, and investigated the associations of nocturnal hypercapnia

with clinical and hemodynamic parameters.
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Materials and methods

Study patients

We reviewed 246 consecutive cases that were referred to Kyoto University Hospital for the

evaluation of suitability for lung transplantation from January 2010 to December 2017. We

identified 17 patients who were classified as having Group 1 PH according to the current

guidelines [2]. The diagnosis of PAH was made at the primary hospitals, and confirmed at

Kyoto University. We then identified 13 patients whose pre-operative whole-night PtcCO2

monitoring data were available and performed further analyses. We included patients irrespec-

tive of whether they were ultimately enrolled as candidates for lung transplantation. For all

included cases right heart catheterization was performed, and those with post-capillary PH or

thromboembolic pulmonary hypertension was excluded. High-resolution computed tomogra-

phy was performed in all cases and patients with any comorbid lung diseases that might result

in PH were denied as study patients. Written informed consent was obtained from most of the

study participants. For the patients whose contact information was lost, we announced the

conduct of this study on our institutional website and asked to contact us if they disagreed

with our data access. The Kyoto University Hospital Institutional Review Board approved this

study including ethical policy for data access (R1287).

Continuous evaluation of PtcCO2

According the manual of the American Academy of Sleep Medicine (AASM), we used PtcCO2

as a surrogate measurement of PaCO2 [19]. We utilized the TOSCA device (TOSCA measure-

ment system and TOSCA 500 monitor, Linde Medical Sensors, Basel, Switzerland) because it

has been demonstrated to have good accuracy in adult patients compared with blood gas anal-

ysis [20–22]. SpO2 was simultaneously monitored. Nocturnal hypercapnia was diagnosed

according to the guidelines of AASM; i.e. PtcCO2 >55 mmHg for�10 minutes or an increase

in PtcCO2�10 mmHg in comparison to an awake supine value exceeding 50 mmHg for�10

minutes [23]. Daytime hypercapnia was diagnosed in cases in which PaCO2 evaluated by day-

time arterial blood gas (ABG) sampling at rest was higher than 45 mmHg. ABG data from

samples obtained at the nearest day to the PtcCO2 monitoring were utilized for the analysis.

Data collection and analysis

The clinical data were retrospectively collected from medical records. Patients were grouped

according to the presence or absence of nocturnal hypercapnia. Analyzed parameters included

results of right heart catheterization, pulmonary function tests and laboratory tests. The corre-

lations between right heart catheter parameters and mean nocturnal PctCO2 were also evalu-

ated. Data from the nearest day to the PtcCO2 monitoring were utilized for the analyses.

Statistical analyses

Data are summarized as median (range) and number (percentage). We considered that the

number of study patients was too small to determine whether each parameter followed normal

distribution or not, therefore we employed non-parametric statistics for analyses. Fisher’s

exact test, Mann-Whitney’s U test and Spearman’s rank correlation test were used as appropri-

ate. EZR (Saitama Medical Centre, Jichi Medical University, Saitama, Japan) [24], which is a

graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria),

or GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla, CA, USA, www.

graphpad.com) was used for statistical analyses. A P-value less than 0.05 was determined to be

statistically significant.
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Results

Characteristics of patients with and without nocturnal hypercapnia

Thirteen PAH patients with available overnight PtcCO2 measurements were identified for this

study. Among them, eight patients were registered for cadaveric lung transplantation, three

patients received living-donor lung transplantation, one patient died shortly after the evalua-

tion before the registration and the other patient was not registered due to an improved

response to medical treatment. As shown in Table 1, six out of 13 patients (46.2%) had noctur-

nal hypercapnia (representative test results are presented in S1 Fig). There were no differences

between patients with and without nocturnal hypercapnia in terms of age, sex, body mass

index or blood BNP level. The treatment procedure was also similar, although the introduction

of intravenous epoprostenol treatment was relatively frequent in patients with nocturnal

hypercapnia (86.6% vs. 28.6%, P = 0.103). Two patients had received prior chest surgery, both

of which were repair surgery for congenital heart diseases, neither of these patients exhibited

nocturnal hypercapnia.

All patients were receiving long-term oxygen therapy. Differences in the rates of death and/

or transplantation were not significant.

Notably, of the 6 patients with nocturnal hypercapnia, 5 had IPAH (83.3%). A comparison

of the mean and maximum PtcCO2 levels at night between IPAH patients and non-IPAH

patients showed that mean and maximum PtcCO2 at night were significantly higher among

the IPAH patients (Fig 1).

Parameters of respiratory status and pulmonary function in patients with

and without nocturnal hypercapnia

We next investigated the characteristics of the respiratory status and pulmonary function of

patients with and without nocturnal hypercapnia (Table 2). Seven of the 13 patients had a

decrease in %FVC <80%, while there were no significant differences in %FVC, %FEV1 and %

DLco between the two groups. On the other hand, we found that the %TLC and %PEF in the

nocturnal hypercapnia group was significantly lower than in the group without nocturnal

hypercapnia; also patients with nocturnal hypercapnia had a significantly higher mean and

maximum PtcCO2. All the patients were prescribed long-term oxygen therapy including usage

during sleep. However, an increase in 3%ODI, which is generally regarded as a representative

indicator of SDB, was rarely observed in either group. Daytime PaCO2 was equivalent in both

groups, and daytime hypercapnia was not observed in any patient in the present study.

We further investigated whether mean PtcCO2 was associated with pulmonary function

indexes. We found negative correlations between mean PtcCO2 at night and %TLC (Fig 2).

Correlations between nocturnal hypercapnia and hemodynamic

parameters

Among the parameters of hemodynamic status, we found that the patients with nocturnal

hypercapnia had a significantly higher levels of cardiac output (CO) and cardiac index (CI)

measured by right heart catheterization (P = 0.012 and P = 0.015, respectively). However, there

were no significant differences between groups in other right heart catheter parameters such

as mean, systolic and diastolic PAP, mean PCWP and PVR (Table 3). Investigation of the cor-

relations between the mean PtcCO2 at night and the CO and CI showed strong correlations

(Fig 3A and 3B).
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Discussion

In the present study nocturnal hypercapnia was observed in nearly half of the PAH patients, as

well as in most of those with IPAH, who were considered for lung transplantation. Mean

PtcCO2 at night correlated negatively with %TLC. Higher PtcCO2 was associated with

increased CO and CI. This is the first study to investigate the clinical significance of nocturnal

hypercapnia in PAH patients.

Nocturnal hypercapnia results mainly from alveolar hypoventilation during sleep. The

pathogenesis of nocturnal hypercapnia is comprised of the impairment of pulmonary function

and an insufficient response against hypoxia/hypercapnia [11]. Although obesity hypoventila-

tion syndrome is a major cause of nocturnal hypercapnia [11], the BMI in the majority of the

current study patients was lower than normal (18.5 kg/m2). Previously it was revealed that a

low BMI affects the respiratory muscle mass, which results in the impairment of muscle per-

formance [25] and a proportional decline in respiratory pressure [26]. In the present study,

low values for %FVC, %TLC and %PEF were the most distinct features of nocturnal hypercap-

nia. Total lung capacity is determined by lung elastic recoil, chest wall elastic recoil and inspi-

ratory muscle power, whereas expiratory muscle power and airway obstruction largely affects

PEF [27]. Given that in this study restrictive and obstructive pulmonary diseases were denied

by computed tomography and pulmonary function test, and lung and chest wall elastic recoils

are not changed in patients with PAH in general, the decrease in %TLC and %PEF would be

due to a decline in inspiratory and expiratory muscle power, respectively [27]. Other potential

factors for the restriction of chest movement, such as previous thoracic surgery or skin stiffness

Table 1. Background data on study patients.

Nocturnal hypercapnia (-) Nocturnal hypercapnia (+) P-value

Number 7 6

Age 31.00 [12.00, 59.00] 26.00 [14.00, 53.00] 0.568

Male sex (%) 3 [42.9] 0 [0.0] 0.192

Diagnosis IPAH:1 Eisenmenger synd: 1

Systemic sclerosis: 1

Takayasu Disease: 1

PVOD: 1 IPAH:5

Eisenmeger synd: 3

Previous thoracic surgery 2 0 0.462

Nasal 0xgen supplementation (L/min) 2.00 [1.00, 7.00] 2.00 [1.00, 4.00] 0.348

Body mass index 18.37 [15.35, 25.57] 18.19 [13.29, 30.32] 0.886

Treatment

Number of oral anti-PH medication 2.00 [1.00, 4.00] 2.00 [1.00, 3.00] 0.879

Diuretics usage 6 [85.7] 5 [83.3] >0.99

IV Epoprostenol usage 2 [28.6] 5 [83.3] 0.103

IV Epoprostenol dose (ng/kg/min) 35.5 [0.9, 70] 51.0 [45, 200.0] 0.571

Laboratory tests

BNP (pg/ml) 98.70 [11.90, 586.90] 127.90 [10.10, 170.50] 0.465

Hemoglobin (g/dl) 12.00 [10.00, 24.70] 11.30 [9.30, 19.90] 0.431

Lung transplantation 2 [28.6] 3 [50.0] 0.592

Death 2 [28.6] 0 [0.0] 0.462

Data are presented as number [%] or median [range]. Mann-Whitney’s U-test or Fisher’s exact test was used for statistical analyses. IPAH: idiopathic pulmonary arterial

hypertension, PVOD: pulmonary venous occlusive disease.

https://doi.org/10.1371/journal.pone.0227775.t001
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due to systemic sclerosis, were only found in the patients without nocturnal hypercapnia, sug-

gesting that these factors did not largely affect nocturnal hypercapnia in this study. Although

we could not investigate muscle mass or muscle power directly, these pulmonary function data

Fig 1. Mean PtCO2 in non-IPAH and IPAH patients. Box plots indicating mean (A) or maximum (B) values of PtcCO2 among IPAH (n = 6) or non-IPAH (n = 7)

patients. Whiskers indicate the highest and lowest values. P-values were calculated using Mann-Whitney’s U-test. �: P< 0.05, ��: P< 0.01. IPAH: idiopathic pulmonary

arterial hypertension.

https://doi.org/10.1371/journal.pone.0227775.g001

Table 2. Pulmonary function tests and blood gas indices.

Nocturnal hypercapnia (-) Nocturnal hypercapnia (+) P-value

Number 7 6

Capnometer measurements

3%ODI (per hour) 0.35 [0.00, 2.95] 1.38 [0.12, 12.02] 0.198

Max PtcCO2 (mmHg) 48.00 [39.00, 54.00] 73.50 [59.00, 75.00] 0.003

Mean PtcCO2 (mmHg) 42.41 [35.27, 47.32] 50.70 [47.52, 65.36] 0.003

Pulmonary Function tests

%FVC 85.05 [56.00, 96.30] 75.20 [38.10, 88.90] 0.173

%FEV1 79.80 [59.80, 87.20] 65.20 [43.00, 87.10] 0.109

%DLco 63.73 [31.57, 90.48] 57.38 [32.74, 80.26] 0.715

%TLC 94.10 [88.40, 112.10] 84.35 [56.40, 92.20] 0.018

%PEF 95.30 [78.80, 111.90] 78.05 [70.20, 88.20] 0.015

Daytime arterial blood gas

PaO2 (mmHg) 87.60 [41.00, 121.20] 75.65 [56.50, 117.80] 0.775

PaCO2 (mmHg) 35.60 [28.70, 41.60] 38.60 [32.80, 44.30] 0.224

HCO3
- (mEq/l) 22.50 [19.70, 27.10] 25.35 [21.50, 27.00] 0.199

Data are presented as median [range]. Mann-Whitney’s U-test was used for statistical analyses.

FVC: forced vital capacity, FEV1: , DLco: , TLC: total lung capacity, PEF: peak expiratory flow, ODI: Oxygen desaturation index, PtcCO2: transcutaneous carbon dioxide

partial pressure.

https://doi.org/10.1371/journal.pone.0227775.t002
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imply that the lowered respiratory muscle power associated with a low BMI were candidate

mechanisms for nocturnal hypercapnia. Recently, decreased muscle mass due to sarcopenia

was shown to be frequent among lung transplantation candidates and constitute a risk factor

for a poor prognosis [28]. In addition, inspiratory muscle power is substantially reduced dur-

ing sleep, especially during rapid eye movement sleep [29]. Therefore, the reduction in minute

Fig 2. Associations between PtCO2 and pulmonary function test indices. Scatter plots showing the correlations between mean PtcCO2 and %FEV1 (A), %FVC (B), %

DLco (C), %TLC (D) or %PEF (E). Each dot represents one patient. Spearman’s rank correlation test was used for statistical analysis. For one patient no pulmonary

function data were available, and for two patients DLco and TLC data were not available. �: P< 0.05. FEV1: forced expiratory volume in one second, FVC: forced vital

capacity, DLco: diffusing capacity for carbon monoxide, TLC: total lung capacity, PEF: peak expiratory flow.

https://doi.org/10.1371/journal.pone.0227775.g002

Table 3. Right heart catheter measurements in the patients with and without nocturnal hypercapnia.

Nocturnal hypercapnia (-) Nocturnal hypercapnia (+) P-value

Number 7 6

Right heart catheter measurements

mean PAP (mmHg) 54.00 [46.00, 82.00] 57.00 [35.00, 92.00] 0.774

systolic PAP (mmHg) 88.00 [62.00, 101.00] 95.00 [52.00, 142.00] 0.568

diastolic PAP (mmHg) 30.00 [15.00, 66.00] 29.00 [23.00, 70.00] 0.886

mean PCWP (mmHg) 9.00 [6.00, 25.00] 11.00 [10.00, 13.00] 0.126

PVR (mmHg/L/min) 10.32 [4.66, 23.27] 6.31 [4.07, 24.05] 0.317

Cardiac Index (L/min/m2) 2.66 [1.98, 3.24] 4.26 [2.66, 6.97] 0.012

Cardiac Output (L/min) 3.97 [2.51, 5.25] 6.54 [3.41, 8.43] 0.015

Data are presented as median [range]. Mann-Whitney’s U-test was used for statistical analyses.

PAP: pulmonary arterial pressure, PCWP: pulmonary capillary wedge pressure, PVR: pulmonary vascular resistance.

https://doi.org/10.1371/journal.pone.0227775.t003
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ventilation which results in sleep-related hypoventilation might represent an early stage of

chronic hypoventilation syndrome [11]. Indeed, the low values for %TLC in the study patients

were associated with an elevation in mean PtcCO2, which suggests relationships between

impairment of pulmonary function due to the respiratory muscle dysfunction in IPAH

patients and nocturnal hypercapnia. In addition to the impairment in pulmonary function,

previous studies suggested that in PAH patients the cerebral microvascular blood flow

response against PaCO2 elevation is suppressed, thereby ameliorating the stimuli to breathe

[30]. The integration of these factors may contribute to the high prevalence of nocturnal

hypercapnia among IPAH patients. On the other hand, in the present study, there were no sig-

nificant differences in BMI between patients with and without nocturnal hypercapnia, or

between IPAH and non-IPAH patients. These results suggest that other factors had contrib-

uted to the impairment of muscle power especially in patient with nocturnal hypercapnia or

IPAH patients. Therefore, further study is required to investigate the underlying pathophysiol-

ogy of nocturnal hypercapnia in PAH patients.

In contrast to the high prevalence of nocturnal hypercapnia, daytime hypercapnia was not

observed in any study patient, indicating that alveolar hypoventilation among PAH patients is

largely limited during sleep. Recently, it was reported that noninvasive ventilation (NIV) can

improve nocturnal hypercapnia in patients with nocturnal hypercapnia without daytime

hypercapnia [31]. In addition, while alveolar hypoventilation may accompany low values for

partial pressure of oxygen, the elevation of 3%ODI was rarely observed among the study

patients, presumably because of treatment with oxygen supplementation. These results suggest

that the assessment of either the daytime PaCO2 level or nocturnal SpO2 level is not sufficient

to predict the complication of nocturnal hypercapnia in PAH patients, which highlights the

significance of PtcCO2 monitoring at night.

Hypoxia is regarded as a significant factor in the progression of PAH and careful monitor-

ing is generally performed [2]. Indeed, in the present study oxygen supplementation was intro-

duced to all study participants and oxygen desaturation was rarely observed. On the other

hand, the clinical significance of nocturnal hypercapnia/hypocapnia in PAH patients has been

Fig 3. Associations between PtcCO2 and cardiac output or index. Scatter plots showing the correlations between mean PtcCO2 and cardiac output (A) or cardiac

index (B). Each dot represents one patient. Spearman’s rank correlation test was used for statistical analysis. ��: P< 0.01.

https://doi.org/10.1371/journal.pone.0227775.g003
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scarcely investigated. Physiologically, hypercapnia contributes to the escalation of PAP

through several mechanisms. First, elevation of PaCO2 directly induces the constriction of the

pulmonary vasculature, thereby increases PVR [8]. Second, ventilatory acidosis resulting from

rapid elevation of PaCO2 also increases PVR [9]. Third, elevated PaCO2 increases CO, which

causes the escalation of PAP [10]. Even though nocturnal hypercapnia is reversible, prolonged

and repeated exposure of the above factors eventually enhances stiffness of pulmonary vessels

and results in an increase in PVR. Indeed, obesity hypoventilation syndrome is often compli-

cated with PH [13], and NIV treatment during sleep can lower daytime PAP as well as PVR in

these patients [17], suggesting that recurrent exposure to nocturnal hypercapnia is a treatable

causality of daytime PH. Therefore, we anticipate that nocturnal hypercapnia among PAH

patients may constitute a significant pathogenic role in the development of PAP escalation,

and its normalization is a possible strategy for treatment of PAH.

In the present study, we found a significant positive correlation between mean PtcCO2 lev-

els at night and CO as well as CI. The increase in CO is a fundamental factor in the elevation of

PAP; therefore it is suggested that nocturnal hypercapnia is associated with an increase in

PAP. On the other hand, a correlation between mean PtcCO2 at night and mean PAP or PVR

was not apparent. We propose two possible interpretations of these data. One is that nocturnal

hypercapnia increases CO without affecting PAP or PVR. The other interpretation is that noc-

turnal hypercapnia induces an increase in CO and PVR, but that in these patients the PVR ele-

vation was masked by medication. We found that the usage of epoprostenol infusions was

relatively frequent and also that the dose was higher in the study patients with nocturnal

hypercapnia, which could have lowered PVR. A previous study showed that CO was well cor-

related lineally with CO2 production (40). Therefore, patients with high CO would have higher

CO2 production than patients with relative low CO. In addition to low lung function (Table 2),

the difference in CO2 production related to CO would partly contribute to a significant eleva-

tion in mean and max PtcCO2 in the patients with high CO: the patients with nocturnal hyper-

capnia (Tables 2 and 3). Because the current study could not dissect the contribution of

nocturnal hypercapnia to the hemodynamic status in PAH patients without the confounding

effect of medications, a future study can be expected to investigate whether nocturnal hyper-

capnia affects PAP or PVR. In addition, dynamic changes of PAP in parallel with the levels of

PtcCO2 were reported [13, 16]. Nocturnal hypercapnia was specifically observed during sleep,

therefore a future study focusing on hemodynamics during sleep is expected.

Although the data sample was small, it is notable that as many as 46.2% (6/13) of PAH

patients overall and 83.3% (5/6) of IPAH patients had nocturnal hypercapnia. We suppose that

this high rate has been overlooked because these patients rarely manifest daytime hypercapnia.

In general, the condition of PAH patients waiting for lung transplantation is refractory against

full treatment with currently available medications. Considering that nocturnal hypercapnia is

treatable with NIV [17, 31], we would consider that NIV during sleep could be a novel option

to treat these patients. Further investigation of the use of NIV in such patients is needed.

This study has several limitations. First, due to its retrospective nature, disease severity,

treatment procedures and comorbid diseases were not controlled for. In addition, because of

the small number of study patients, we could not perform multivariate analysis to adjust for

these variables. Second, the number of study patients was scant; thus the power to detect differ-

ences between groups may not be sufficient. Third, a detailed evaluation of sleep status (e.g.

polysomnography) was not performed; therefore, precise events occurring in PAH patients

during sleep were not analyzed. Especially, further investigations are required to reveal the

pathophysiology affecting IPAH patients that contributed to the high frequency of nocturnal

hypercapnia in this group.
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In spite of these limitations, we for the first time reported that nocturnal hypercapnia was

observed in nearly half of PAH patients and in the majority of IPAH patients who were consid-

ered for lung transplantation. Also revealed were possible correlations between nocturnal

hypercapnia and impaired pulmonary function or altered hemodynamic status in the daytime.

Further studies are needed to investigate hemodynamics during sleep and to dissect the direct

effect of nocturnal hypercapnia on PAP or PVR and to evaluate whether the normalization of

nocturnal hypercapnia has therapeutic significance for PAH patients.

Supporting information

S1 Fig. Representative TOSCA results for patients with nocturnal hypercapnia. (A)

TOSCA summary sheet for a 14-year-old female patient with IPAH and (B) 35-year-old female

patient with IPAH. The intervals between the bold lines were analyzed. IPAH: idiopathic pul-

monary arterial hypertension.

(TIF)

S1 Dataset. The dataset used for the analyses in this study.

(XLSX)

Acknowledgments

The authors thank Y. Kohdono, S. Tamura and T. Toki (Department of Respiratory Care and

Sleep Control Medicine, Graduate School of Medicine, Kyoto University) for their secretarial

work to this research. The authors also thank NAI.Inc for editing the English text of this

manuscript.

Author Contributions

Conceptualization: Yoshinari Nakatsuka, Toyofumi Chen-Yoshikawa, Hideyuki Kinoshita,

Hiroyasu Kubo, Kazuo Chin.

Data curation: Yoshinari Nakatsuka, Toyofumi Chen-Yoshikawa, Hideyuki Kinoshita, Aki-

hiro Aoyama, Hiroyasu Kubo, Kimihiko Murase, Satoshi Hamada, Hirofumi Takeyama,

Takuma Minami, Naomi Takahashi, Kiminobu Tanizawa, Tomohiro Handa, Toyohiro

Hirai, Kazuo Chin.

Formal analysis: Yoshinari Nakatsuka, Toyofumi Chen-Yoshikawa, Hideyuki Kinoshita,

Kazuo Chin.

Funding acquisition: Kazuo Chin.

Investigation: Yoshinari Nakatsuka, Kazuo Chin.

Methodology: Yoshinari Nakatsuka, Kazuo Chin.

Project administration: Kazuo Chin.

Resources: Kazuo Chin.

Supervision: Toyofumi Chen-Yoshikawa, Kazuo Chin.

Writing – original draft: Yoshinari Nakatsuka, Kazuo Chin.

Writing – review & editing: Toyofumi Chen-Yoshikawa, Hideyuki Kinoshita, Akihiro

Aoyama, Kimihiko Murase, Satoshi Hamada, Hirofumi Takeyama, Takuma Minami,

Naomi Takahashi, Toyohiro Hirai, Hiroshi Date, Kazuo Chin.

PLOS ONE Nocturnal hypercapnia in PAH patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0227775 April 15, 2020 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227775.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227775.s002
https://doi.org/10.1371/journal.pone.0227775


References
1. Simonneau G, Gatzoulis MA, Adatia I, Celermajer D, Denton C, Ghofrani A, et al. Updated clinical clas-

sification of pulmonary hypertension. J Am Coll Cardiol. 2013; 62(25 Suppl):D34–41. Epub 2013/12/21.

https://doi.org/10.1016/j.jacc.2013.10.029 PMID: 24355639.

2. Galie N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A, et al. 2015 ESC/ERS Guidelines for the

diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treat-

ment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European

Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiol-

ogy (AEPC), International Society for Heart and Lung Transplantation (ISHLT). European heart journal.

2016; 37(1):67–119. Epub 2015/09/01. https://doi.org/10.1093/eurheartj/ehv317 PMID: 26320113.

3. Chambers DC, Yusen RD, Cherikh WS, Goldfarb SB, Kucheryavaya AY, Khusch K, et al. The Registry

of the International Society for Heart and Lung Transplantation: Thirty-fourth Adult Lung And Heart-

Lung Transplantation Report-2017; Focus Theme: Allograft ischemic time. The Journal of heart and

lung transplantation: the official publication of the International Society for Heart Transplantation. 2017;

36(10):1047–59. https://doi.org/10.1016/j.healun.2017.07.016 PMID: 28784324.

4. Akagi S, Matsubara H, Nakamura K, Ito H. Modern treatment to reduce pulmonary arterial pressure in

pulmonary arterial hypertension. Journal of cardiology. 2018; 72(6):466–72. Epub 2018/06/15. https://

doi.org/10.1016/j.jjcc.2018.04.014 PMID: 29898864.

5. Benza RL, Miller DP, Gomberg-Maitland M, Frantz RP, Foreman AJ, Coffey CS, et al. Predicting sur-

vival in pulmonary arterial hypertension: insights from the Registry to Evaluate Early and Long-Term

Pulmonary Arterial Hypertension Disease Management (REVEAL). Circulation. 2010; 122(2):164–72.

Epub 2010/06/30. https://doi.org/10.1161/CIRCULATIONAHA.109.898122 PMID: 20585012.

6. Ogawa A, Ejiri K, Matsubara H. Long-term patient survival with idiopathic/heritable pulmonary arterial

hypertension treated at a single center in Japan. Life Sci. 2014; 118(2):414–9. Epub 2014/02/18.

https://doi.org/10.1016/j.lfs.2014.01.077 PMID: 24530872.

7. Dorrington KL, Talbot NP. Human pulmonary vascular responses to hypoxia and hypercapnia. Pflugers

Archiv: European journal of physiology. 2004; 449(1):1–15. Epub 2004/08/24. https://doi.org/10.1007/

s00424-004-1296-z PMID: 15322849.

8. Westcott RN, Fowler NO, Scott RC, Hauenstein VD, Mc GJ. Anoxia and human pulmonary vascular

resistance. J Clin Invest. 1951; 30(9):957–70. Epub 1951/09/01. https://doi.org/10.1172/JCI102517

PMID: 14880624; PubMed Central PMCID: PMC436334.

9. Malik AB, Mewmark JM. Adrenergic mechanisms and the pulmonary vascular response to respiratory

acidosis. Respiration. 1976; 33(3):179–87. Epub 1976/01/01. https://doi.org/10.1159/000193732

PMID: 935680.

10. Stengl M, Ledvinova L, Chvojka J, Benes J, Jarkovska D, Holas J, et al. Effects of clinically relevant

acute hypercapnic and metabolic acidosis on the cardiovascular system: an experimental porcine

study. Crit Care. 2013; 17(6):R303. Epub 2014/01/01. https://doi.org/10.1186/cc13173 PMID:

24377654; PubMed Central PMCID: PMC4056780.

11. Boing S, Randerath WJ. Chronic hypoventilation syndromes and sleep-related hypoventilation. J

Thorac Dis. 2015; 7(8):1273–85. Epub 2015/09/19. https://doi.org/10.3978/j.issn.2072-1439.2015.06.

10 PMID: 26380756; PubMed Central PMCID: PMC4561264.

12. Chaouat A, Weitzenblum E, Krieger J, Oswald M, Kessler R. Pulmonary hemodynamics in the obstruc-

tive sleep apnea syndrome. Results in 220 consecutive patients. Chest. 1996; 109(2):380–6. Epub

1996/02/01. https://doi.org/10.1378/chest.109.2.380 PMID: 8620709.

13. Niijima M, Kimura H, Edo H, Shinozaki T, Kang J, Masuyama S, et al. Manifestation of pulmonary hyper-

tension during REM sleep in obstructive sleep apnea syndrome. Am J Respir Crit Care Med. 1999; 159

(6):1766–72. Epub 1999/06/03. https://doi.org/10.1164/ajrccm.159.6.9808064 PMID: 10351916.

14. Sajkov D, McEvoy RD. Obstructive sleep apnea and pulmonary hypertension. Progress in cardiovascu-

lar diseases. 2009; 51(5):363–70. Epub 2009/03/03. https://doi.org/10.1016/j.pcad.2008.06.001 PMID:

19249442.

15. Ogawa A, Emori T, Sumita W, Watanabe A, Fujio H, Miyaji K, et al. Continuous positive airway pressure

ameliorated severe pulmonary hypertension associated with obstructive sleep apnea. Acta medica

Okayama. 2006; 60(3):191–5. Epub 2006/07/14. https://doi.org/10.18926/AMO/30744 PMID:

16838048.

16. Chin K, Takahashi K, Ohmori K, Toru I, Matsumoto H, Niimi A, et al. Noninvasive ventilation for pediatric

patients under 1 year of age after cardiac surgery. The Journal of thoracic and cardiovascular surgery.

2007; 134(1):260–1. Epub 2007/06/30. https://doi.org/10.1016/j.jtcvs.2007.03.002 PMID: 17599530.

17. Held M, Walthelm J, Baron S, Roth C, Jany B. Functional impact of pulmonary hypertension due to

hypoventilation and changes under noninvasive ventilation. Eur Respir J. 2014; 43(1):156–65. Epub

2013/06/01. https://doi.org/10.1183/09031936.00147712 PMID: 23722614.

PLOS ONE Nocturnal hypercapnia in PAH patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0227775 April 15, 2020 11 / 12

https://doi.org/10.1016/j.jacc.2013.10.029
http://www.ncbi.nlm.nih.gov/pubmed/24355639
https://doi.org/10.1093/eurheartj/ehv317
http://www.ncbi.nlm.nih.gov/pubmed/26320113
https://doi.org/10.1016/j.healun.2017.07.016
http://www.ncbi.nlm.nih.gov/pubmed/28784324
https://doi.org/10.1016/j.jjcc.2018.04.014
https://doi.org/10.1016/j.jjcc.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29898864
https://doi.org/10.1161/CIRCULATIONAHA.109.898122
http://www.ncbi.nlm.nih.gov/pubmed/20585012
https://doi.org/10.1016/j.lfs.2014.01.077
http://www.ncbi.nlm.nih.gov/pubmed/24530872
https://doi.org/10.1007/s00424-004-1296-z
https://doi.org/10.1007/s00424-004-1296-z
http://www.ncbi.nlm.nih.gov/pubmed/15322849
https://doi.org/10.1172/JCI102517
http://www.ncbi.nlm.nih.gov/pubmed/14880624
https://doi.org/10.1159/000193732
http://www.ncbi.nlm.nih.gov/pubmed/935680
https://doi.org/10.1186/cc13173
http://www.ncbi.nlm.nih.gov/pubmed/24377654
https://doi.org/10.3978/j.issn.2072-1439.2015.06.10
https://doi.org/10.3978/j.issn.2072-1439.2015.06.10
http://www.ncbi.nlm.nih.gov/pubmed/26380756
https://doi.org/10.1378/chest.109.2.380
http://www.ncbi.nlm.nih.gov/pubmed/8620709
https://doi.org/10.1164/ajrccm.159.6.9808064
http://www.ncbi.nlm.nih.gov/pubmed/10351916
https://doi.org/10.1016/j.pcad.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19249442
https://doi.org/10.18926/AMO/30744
http://www.ncbi.nlm.nih.gov/pubmed/16838048
https://doi.org/10.1016/j.jtcvs.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17599530
https://doi.org/10.1183/09031936.00147712
http://www.ncbi.nlm.nih.gov/pubmed/23722614
https://doi.org/10.1371/journal.pone.0227775


18. Minic M, Granton JT, Ryan CM. Sleep disordered breathing in group 1 pulmonary arterial hypertension.

Journal of clinical sleep medicine: JCSM: official publication of the American Academy of Sleep Medi-

cine. 2014; 10(3):277–83. Epub 2014/03/19. https://doi.org/10.5664/jcsm.3528 PMID: 24634625;

PubMed Central PMCID: PMC3927433.

19. Berry RB, Brooks R, Gamaldo C, Harding SM, Lloyd RM, Marcus CL, et al. The AASM Manual for the

Scoring of Sleep and Associated Events Version 2.1: American Academy of Sleep Medicine; 2014. 41

p.

20. Parker SM, Gibson GJ. Evaluation of a transcutaneous carbon dioxide monitor ("TOSCA") in adult

patients in routine respiratory practice. Respir Med. 2007; 101(2):261–4. https://doi.org/10.1016/j.rmed.

2006.05.011 PMID: 16814537.

21. Nicolini A, Ferrari MB. Evaluation of a transcutaneous carbon dioxide monitor in patients with acute

respiratory failure. Ann Thorac Med. 2011; 6(4):217–20. https://doi.org/10.4103/1817-1737.84776

PMID: 21977067; PubMed Central PMCID: PMC3183639.

22. Chen F, Chin K, Ishii H, Kubo H, Miwa S, Ikeda T, et al. Continuous carbon dioxide partial pressure

monitoring in lung transplant recipients. Annals of transplantation. 2014; 19:382–8. Epub 2014/08/12.

https://doi.org/10.12659/AOT.890898 PMID: 25105442.

23. Berry RB, Budhiraja R, Gottlieb DJ, Gozal D, Iber C, Kapur VK, et al. Rules for scoring respiratory

events in sleep: update of the 2007 AASM Manual for the Scoring of Sleep and Associated Events.

Deliberations of the Sleep Apnea Definitions Task Force of the American Academy of Sleep Medicine.

Journal of clinical sleep medicine: JCSM: official publication of the American Academy of Sleep Medi-

cine. 2012; 8(5):597–619. Epub 2012/10/16. https://doi.org/10.5664/jcsm.2172 PMID: 23066376;

PubMed Central PMCID: PMC3459210.

24. Kanda Y. Investigation of the freely available easy-to-use software ’EZR’ for medical statistics. Bone

Marrow Transplant. 2013; 48(3):452–8. https://doi.org/10.1038/bmt.2012.244 PMID: 23208313;

PubMed Central PMCID: PMC3590441.

25. Arora NS, Rochester DF. Respiratory muscle strength and maximal voluntary ventilation in undernour-

ished patients. Am Rev Respir Dis. 1982; 126(1):5–8. https://doi.org/10.1164/arrd.1982.126.1.5 PMID:

7091909.

26. Sgariboldi D, Pazzianotto-Forti EM. Predictive Equations for Maximum Respiratory Pressures of

Women According to Body Mass. Respir Care. 2016; 61(4):468–74. Epub 2015/12/31. https://doi.org/

10.4187/respcare.04204 PMID: 26715768.

27. West JB. Pulmonary Pathophysiology, 4th Edition: Williams & Wilkins; 1992.

28. Rozenberg D, Wickerson L, Singer LG, Mathur S. Sarcopenia in lung transplantation: a systematic

review. The Journal of heart and lung transplantation: the official publication of the International Society

for Heart Transplantation. 2014; 33(12):1203–12. Epub 2014/07/22. https://doi.org/10.1016/j.healun.

2014.06.003 PMID: 25044057.

29. Medicine AAoS. International Classification of Sleep Disorders. 3rd edition: American Academy of

Sleep Medicine; 2014.

30. Treptow E, Oliveira MF, Soares A, Ramos RP, Medina L, Lima R, et al. Cerebral microvascular blood

flow and CO2 reactivity in pulmonary arterial hypertension. Respiratory physiology & neurobiology.

2016; 233:60–5. Epub 2016/08/16. https://doi.org/10.1016/j.resp.2016.08.001 PMID: 27521776.

31. Hamada S, Takahashi R, Mishima M, Chin K. Use of a new generation of adaptive servo ventilation for

sleep-disordered breathing in patients with multiple system atrophy. BMJ Case Rep. 2015; 2015.

https://doi.org/10.1136/bcr-2014-206372 PMID: 26546636; PubMed Central PMCID: PMC4654180.

PLOS ONE Nocturnal hypercapnia in PAH patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0227775 April 15, 2020 12 / 12

https://doi.org/10.5664/jcsm.3528
http://www.ncbi.nlm.nih.gov/pubmed/24634625
https://doi.org/10.1016/j.rmed.2006.05.011
https://doi.org/10.1016/j.rmed.2006.05.011
http://www.ncbi.nlm.nih.gov/pubmed/16814537
https://doi.org/10.4103/1817-1737.84776
http://www.ncbi.nlm.nih.gov/pubmed/21977067
https://doi.org/10.12659/AOT.890898
http://www.ncbi.nlm.nih.gov/pubmed/25105442
https://doi.org/10.5664/jcsm.2172
http://www.ncbi.nlm.nih.gov/pubmed/23066376
https://doi.org/10.1038/bmt.2012.244
http://www.ncbi.nlm.nih.gov/pubmed/23208313
https://doi.org/10.1164/arrd.1982.126.1.5
http://www.ncbi.nlm.nih.gov/pubmed/7091909
https://doi.org/10.4187/respcare.04204
https://doi.org/10.4187/respcare.04204
http://www.ncbi.nlm.nih.gov/pubmed/26715768
https://doi.org/10.1016/j.healun.2014.06.003
https://doi.org/10.1016/j.healun.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/25044057
https://doi.org/10.1016/j.resp.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27521776
https://doi.org/10.1136/bcr-2014-206372
http://www.ncbi.nlm.nih.gov/pubmed/26546636
https://doi.org/10.1371/journal.pone.0227775

