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Abstract
Purpose We aimed to evaluate sleep-related hypoventilation in multiple system atrophy (MSA) using polysomnography 
(PSG) with transcutaneous partial pressure of carbon dioxide  (PtcCO2) monitoring.
Methods This prospective study included 34 patients with MSA. Motor and autonomic function, neuropsychological tests, 
PSG with  PtcCO2 monitoring, and pulmonary function tests were performed. Sleep-related hypoventilation disorder (SRHD) 
was defined according to the International Classification of Sleep Disorders, third edition.
Results Nine (27%) of the 34 patients met the diagnostic criteria of SRHD. Twenty-nine (85%) patients had sleep-related 
breathing disorders based on an Apnea–Hypopnea Index of ≥ 5/h. The patients with MSA and SRHD had a higher arousal 
index (p = 0.017) and obstructive apnea index (p = 0.041) than those without SRHD. There was no difference in the daytime 
partial pressure of carbon dioxide in arterial blood or respiratory function between MSA patients with and without SRHD.
Conclusion Sleep-related hypoventilation may occur in patients with MSA even with a normal daytime partial pressure of 
carbon dioxide. This can be noninvasively detected by PSG with  PtcCO2 monitoring. SRBD and sleep-related hypoventila-
tion are common among patients with MSA, and clinicians should take this into consideration while evaluating and treating 
this population.
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Introduction

Multiple system atrophy (MSA) is a progressive neurode-
generative disorder characterized by a variable combination 
of autonomic failure, cerebellar ataxia, and parkinsonian 
features that are typically poorly responsive to levodopa. 
Respiratory symptoms, including sleep-related breathing 
disorders (SRBDs), stridor, and involuntary inspiratory sigh, 
are part of the clinical spectrum of multiple system atrophy 
[1]. SRBDs manifest as (1) stridor and obstructive sleep 
apnea mainly due to upper-airway obstruction and as (2) 
central sleep apnea, abnormal breathing patterns, including 
Cheyne–Strokes breathing, and irregular breathing caused 
by impaired autonomic control of respiration [2]. These 
symptoms due to impaired automatic control of respiration 
are commonly found in later disease stages of MSA but can 
be the primary presenting feature of the disease in some 
cases [2]. Impaired autonomic control of respiration has 

 * Atsuhiko Sugiyama 
 asugiyama@chiba-u.jp

1 Department of Neurology, Graduate School of Medicine, 
Chiba University, 1-8-1 Inohana, Chuo-ku, Chiba 260-8677, 
Japan

2 Department of Pulmonary Medicine, School of Medicine, 
International University of Health and Welfare (IUHW), 
Chiba, Japan

3 Department of Respirology, Graduate School of Medicine, 
Chiba University, Chiba, Japan

4 Department of Rehabilitation, Division of Occupational 
Therapy, Chiba Prefectural University of Health Sciences, 
Chiba, Japan

5 Division of Rehabilitation, Kimitsu Central Hospital, 
Kisarazu, Japan

6 Division of Laboratory Medicine, Chiba University Hospital, 
Chiba, Japan

7 Department of Medical Education, Graduate School 
of Medicine, Chiba University, Chiba, Japan

/ Published online: 13 January 2022

Sleep and Breathing (2022) 26:1779–1789

http://orcid.org/0000-0003-0705-9892
http://crossmark.crossref.org/dialog/?doi=10.1007/s11325-022-02568-4&domain=pdf


1 3

also been suggested as one of the causes of sudden death 
in MSA [3].

Respiratory chemosensitivity has an important role in 
autonomic control of respiration, especially during sleep 
[4]. Impaired ventilatory response to hypoxemia has been 
reported in patients with MSA [5], whereas the presence 
of impaired ventilatory response to hypercapnia in patients 
with MSA is controversial [5, 6]. A study on chemosen-
sitivity to hypoxemia and hypercapnia measured by the 
standard rebreathing method in 12 patients with MSA 
demonstrated the presence of impaired chemosensitivity to 
hypoxemia despite normal chemosensitivity to hypercapnia 
[5]. However, a patient with reduced ventilatory response 
to  CO2 inhalation was reported in a case series [6]. Daytime 
hypoventilation and hypercapnia in patients with MSA have 
been reported in several studies [7–9]. Impairment of auto-
nomic respiratory control is more likely to become apparent 
during sleep [10]. However, sleep-related hypoventilation in 
patients with MSA has not been fully investigated.

The American Academy of Sleep Medicine recommends 
measurement of the partial pressure of carbon dioxide in 
arterial blood  (PaCO2) or monitoring of the transcutaneous 
partial pressure of carbon dioxide  (PtcCO2) for diagnosis of 
sleep-related hypoventilation disorder (SRHD) [11]. There-
fore, in the present study, we aimed to evaluate SRHD in 
patients with MSA using polysomnography (PSG) with 
 PtcCO2 monitoring.

Methods

Subjects

This prospective study was approved by the Institutional 
Review Board of the Chiba University Graduate School of 

Medicine, and all patients provided written informed con-
sent. Consecutive patients with MSA admitted to Chiba Uni-
versity Hospital between October 2018 and December 2020 
were recruited in this study. The inclusion criterion was 
clinically possible or probable MSA based on the second 
consensus statement by Gilman and colleagues [12] (Supple-
mentary Table S1). The exclusion criteria were (1) current 
or previous history of another neuropsychiatric disorder; (2) 
insufficient data from PSG, neuropsychological tests, and 
pulmonary function tests; and (3)  PtcCO2 monitoring data 
could not be analyzed due to motion artifacts. Seven patients 
were excluded because of current or previous history of 
other neuropsychiatric disease (two with depression, one 
with putaminal hemorrhage, one with brain infarction, one 
with schizencephaly, one with polymicrogyria, and one with 
Takayasu’s arthritis). Six patients were excluded because 
of incomplete measurement of  PtcCO2 due to equipment 
failure. Three patients were excluded because of insufficient 
data (one with incomplete PSG due to patient’s refusal to 
continue, one with incomplete neuropsychological tests due 
to blindness, and one with incomplete neuropsychological 
and pulmonary function tests due to spread of COVID-19). 
 PtcCO2 monitoring data could not be analyzed due to motion 
artifacts in three patients. On the basis of these criteria, a 
total of 34 patients with MSA (probable 27, possible 7) were 
included in the final analysis of this study (Fig. 1).

At the time of diagnosis of MSA, it was classified accord-
ing to whether the clinical syndrome was dominated by 
parkinsonism (MSA-P) or cerebellar ataxia (MSA-C). The 
severity of motor dysfunctions was evaluated by the Unified 
Multiple System Atrophy Rating Scale (UMSARS) parts 1 
and 2 scores, the International Cooperative Ataxia Rating 
Scale (ICARS) scores, and Movement Disorder Society-
sponsored Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS) Part III scores. Cognitive functions were evaluated 

Fig.1  Study patient flow 
diagram. MSA, multiple system 
atrophy;  PtcCO2, transcutane-
ous partial pressure of carbon 
dioxide; SRHD, sleep-related 
hypoventilation disorder
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with the Frontal Assessment Battery (FAB), Addenbrooke’s 
Cognitive Examination (ACEIII) [13], and Behavioral 
Assessment of the Dysexecutive Syndrome (BADS) [14]. 
The Self-Rating Depression Scale (SDS) and Hamilton 
Rating Scale for Depression (HAMD-17) [15] were used to 
evaluate depression. In the autonomic evaluations, urinary 
symptoms were assessed by using the Overactive Bladder 
Symptom Score (OABSS) and International Prostate Symp-
tom Score (IPSS). Postvoid residual urine volume was meas-
ured three times or more in each subject by ultrasonography, 
and the mean value was calculated. The head-up tilt test 
was performed for assessment of orthostatic hypotension as 
described previously [16].

Olfactory function was assessed by using the Japanese 
version of the Odor Stick Identification Test (OSIT-J, Dai-
ichi Yakuhin Sangyo Co. Ltd., Japan) [17]. The total number 
of correct answers to the 12 odors constituted the OSIT-J 
score. Normal awake  PaCO2 was measured by arterial blood 
gas analysis. History of involuntary inspiratory sigh was 
assessed by patient interview. Fiberoptic laryngoscopy dur-
ing wakefulness was performed to assess vocal cord abduc-
tor paralysis (VCAP).

The sleep-related symptoms of snoring, headache on 
waking, sweating, thirst on waking, and apnea were assessed 
by questionnaire. Daytime sleepiness was assessed by the 
Epworth Sleepiness Scale score [18]. The REM Sleep 
Behavior Disorder Screening Questionnaire-Japanese ver-
sion (RBDSQ-J) was used to assess REM Sleep Behavior 
Disorder (RBD) [19].

PSG recording and scoring

All patients underwent standard, full, overnight PSG com-
bined with  PtcCO2 monitoring (TCM5™, Radiometer, Den-
mark). Before and after each measurement, the sensor was 
automatically calibrated in the calibration chamber using 
a service gas (mixture of 7.5%  CO2, 12.0%  O2, and 80.5% 
 N2). The following were recorded: electroencephalography 
(EEG; C4-M1, O2-M1, C3-M2, 1-M2), electrooculogra-
phy, anterior tibial electromyography, electrocardiography, 
respiratory effort by thoracoabdominal piezoelectric belts, 
nasal airflow by nasal pressure cannula, nasal and oral flow 
by a thermistor, finger-pulse oximetry, snoring recording 
by a neck microphone, and assessment of body posture by 
a thoracic belt sensor. All sleep parameters recorded by 
PSG were analyzed and scored according to the Ameri-
can Academy of Sleep Medicine Manual for the Scoring 
of Sleep and Associated Events, version 2.3. Apnea was 
defined as a reduction in nasal airflow to < 10% of base-
line for ≥ 10 s, whereas hypopnea was defined as a reduc-
tion in nasal airflow signal amplitude of ≥ 30% for ≥ 10 s 
in association with either a ≥ 3% oxygen desaturation or 

electroencephalographic arousal. The Apnea–Hypopnea 
Index (AHI) was counted by the mean number of apneas and 
hypopneas per hour. SRBD was diagnosed based on an AHI 
of ≥ 5/h. The severity of SRBD was categorized as follows: 
mild (AHI, 5 to < 15/h), moderate (AHI, 15 to < 30/h), and 
severe (AHI, ≥ 30/h). Sleep-related hypoventilation disorder 
(SRHD) was defined as  PtcCO2 > 55 mmHg or > 50 mmHg 
if  PtcCO2 increased by > 10 mmHg for > 10 min of sleep 
compared with the awake supine value.

Pulmonary function test

Pulmonary function testing using a CHSTAC-8900 spirom-
eter (Chest MI, Tokyo, Japan) was performed in accordance 
with the guidelines of the American Thoracic Society and 
European Respiratory Society [20]. Total lung volume was 
determined by the helium dilution method, and  DLCO and 
alveolar ventilation were determined by the single-breath 
method. The values for percent predicted forced expiratory 
volume in 1 s  (FEV1%) were calculated according to the 
equations of the Japanese Respiratory Society [21].

Nasal airflow analysis in patients with severe SRHD

Nasal airflow data were analyzed in three patients with 
severe SRHD who had the longest sleep time with 
 PtcCO2 > 55  mmHg. We measured the time at which a 
decrease in nasal airflow signal amplitude fulfilled the defi-
nition of an apnea or hypopnea event during sleep with a 
 PtcCO2 > 50 mmHg.

Statistical analysis

All statistical analyses were performed by using SPSS 
software, version 25.0 (IBM SPSS Statistics for Windows, 
IBM Corp.; Armonk, NY). Demographic and clinical, PSG, 
 PTcCO2 monitoring, and pulmonary function test data 
between the patients with and without SRHD were analyzed 
by using Student’s t-test and the Mann–Whitney U-test for 
continuous variables, and Fisher’s exact probability test was 
used for categorical variables. Statistical significance was 
set at p < 0.05.

Results

Overall clinical data and PSG,  PtcCO2 monitoring, 
and pulmonary function tests findings

The demographic and clinical details of 34 patients with 
MSA are summarized in Table  1. Among the 34 MSA 
patients, 20 were MSA-C and 14 were MSA-P. VCAP was 
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found in six (18%) patients. Four patients had bilateral par-
tial abduction restriction of the vocal cords, one patient had 
unilateral partial abduction restriction of the vocal cord, and 
one patient had unilateral complete abduction restriction of 
the vocal cord.

Table 2 and Fig. 2 summarize the results of PSG and 
 PtcCO2 monitoring. Twenty-nine (85%) patients were 
diagnosed with SRBD based on an AHI of ≥ 5/h. Eight 
patients (24%) had mild SRBD, 12 (35%) were moderate, 
and 9 (27%) were severe. Nine (27%) patients met the 
diagnostic criteria of SRHD. Among them, one did not 
meet the criterion of SRBD, one was mild, three were 

moderate, and four were severe. Nasal airflow data during 
sleep of three patients with severe SRHD (cases 6, 11, 
and 12 in Fig. 2) and  PtcCO2 > 50 mmHg are described in 
Table 3 and Fig. 3.

The results of the arterial blood gas analysis and pulmonary 
function tests are presented in Table 3. Two patients did not 
fulfill the total lung capacity, residual volume, or the diffusion 
capacity portions of the tests. Daytime hypercapnia (defined 
as  PaCO2 ≥ 45 mmHg) was observed in five (14.7%) patients. 
No MSA patient had severe daytime hypoventilation, defined 
as  PaCO2 > 50 mmHg.

Table 1  Demographic and clinical data of MSA patients with and without SRHD

MSA multiple system atrophy, SRHD sleep-related hypoventilation disorder, PSG polysomnography, SD standard deviation, BMI body mass 
index, UMSARS Unified Multiple System Atrophy Rating Scale, ICARS International Cooperative Ataxia Rating Scale, MDS-UPDRS Movement 
Disorders Society-Unified Parkinson’s Disease Rating Scale, FAB frontal assessment battery, ACE-III Addenbrooke’s cognitive examination-III, 
BADS Behavioural Assessment of the Dysexecutive Syndrome, SDS Zung Self-Rating Depression Scale, HAM-D17 17-item Hamilton Depres-
sion Rating Scale, OABSS overactive bladder symptom score, IPSS International Prostate Symptom Score, OSIT-J Japanese version of the odor 
stick identification test, VCAP vocal cord abductor paralysis
a Fisher’s exact probability test
b Student’s t-test
c Mann–Whitney U test

Group All (n = 34) Non-SRHD (n = 25) SRHD (n = 9) p value

Type of disease (MSA-C/MSA-P)a 20/14 14/11 6/3 0.440
Sex (male/female)a 20/14 12/13 8/1 0.037
Age at PSG, years, mean ±  SDb 65.2 ± 8.5 65.6 ± 8.9 64.0 ± 7.8 0.644
Age at onset, years, mean ±  SDb 62.8 ± 8.3 63.0 ± 8.6 62.3 ± 7.9 0.840
Disease duration, years, median (range)c 1.8 (0.9–8.6) 1.8 (0.9–8.6) 1.7 (0.9–2.6) 0.397
BMI, kg/m2, median (range)c 23.1 (19.0–29.3) 23.5 (20.1–29.3) 22.1 (19.0–27.0) 0.788
UMSARS part 1 score, mean ±  SDb 14.5 ± 5.5 14.4 ± 5.9 14.9 ± 4.7 0.810
UMSARS part 2 score, mean ±  SDb 14.9 ± 5.7 15.7 ± 5.5 12.9 ± 6.2 0.214
ICARS score, mean ±  SDb 27.3 ± 12.0 28.0 ± 11.2 25.3 ± 14.5 0.576
MDS-UPDRS part 3 score, mean ±  SDb 27.8 ± 16.4 31.8 ± 16.2 16.9 ± 11.8 0.017
Cognitive and neuropsychiatric functions

  FAB score, mean ±  SDb 13.9 ± 2.0 14.1 ± 1.9 13.3 ± 2.5 0.747
  ACE-III score, median (range)c 90.5 (58–97) 92.0 (58–97) 90.0 (82–93) 0.489
  BADS score, mean ±  SDb 90.0 ± 21.1 89.6 ± 19.0 91.1 ± 27.4 0.857
  SDS score, mean ±  SDb 44.3 ± 6.9 43.5 ± 7.3 46.4 ± 5.5 0.275
  HAM-D17 score, mean ±  SDb 6.2 ± 3.0 6.2 ± 2.9 6.0 ± 3.5 0.840

Autonomic functions
  OABSS, median (range)c 4.0 (0–11) 4.0 (0–11) 5.0 (0–10) 0.489
  IPSS, median (range)c 7.0 (0–25) 7.0 (0–25) 8.0 (2–24) 0.280
  Postvoid residuals, ml, median (range)c 84.5 (25.3–401.0) 76.7 (25.3–401.0) 142.2 (40.6–244.8) 0.140
  Decrease in sBP during head-up tilt test, 

mmHg, mean ±  SDb
21.0 ± 16.2 19.6 ± 15.5 24.9 ± 18.5 0.407

  Decrease in dBP during head-up tilt test, 
mmHg, median (range)c

6.0 (0–46) 6.0 (0–39) 10.0 (1–46) 0.355

OSIT-J score, median (range)c 9.0 (2–12) 9.0 (4–11) 10.0 (2–12) 0.591
VCAP, n (%)a 6 (18%) 5 (21) 1 (11) 0.487
Involuntary inspiratory sigh, n (%)a 10 (29) 8 (32) 2 (22) 0.462
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Comparison of the clinical data and characteristics 
of PSG,  PtcCO2 monitoring, and pulmonary function 
tests between MSA patients with and without SRHD

A comparison of the clinical data between MSA patients with 
SRHD (MSA-SRHD) and without SRHD (MSA-nSRHD) is 

presented in Table 1. The MSA-SRHD group had a higher 
proportion of males (8/9 in the MSA-SRHD group vs. 
12/25 in the MSA-nSRHD group, p = 0.037) and a lower 
MDS-UPDRS part 3 score (16.9 ± 11.8 in the MSA-SRHD 
group vs. 31.8 ± 16.2 in the MSA-nSRHD group, p = 0.017). 
There were no significant differences in cognitive, 

Table 2  Sleep-related symptoms and PSG and  PtcCO2 monitoring data

PSG polysomnography, PtcCO2 transcutaneous partial pressure of carbon dioxide, SRHD sleep-related hypoventilation disorder, ESS Epworth 
Sleepiness Scale, RBDSQ-J RBD screening questionnaire-Japanese version, SD standard deviation, AI apnea index, AHI apnea hypopnea index, 
ObAI obstructive apnea index, CnAI central apnea index, MxAI mixed apnea index, HI hypopnea index, SRBD sleep-related breathing disorder, 
SpO2 arterial oxygen saturation of pulse oximetry, REM rapid eye movement
a Fisher’s exact probability test
b Mann–Whitney U test
c Student’s t-test

Group All (n = 34) Non-SRHD (n = 25) SRHD (n = 9) p value

Sleep-related symptoms
  Snoring, n (%)a 24 (70.6) 18 (72.0) 6 (66.7) 0.538
  Headache on waking, n (%)a 2 (5.9) 0 (0) 2 (22.2) 0.064
  Sweating, n (%)a 9 (26.5) 6 (24.0) 3 (33.3) 0.446
  Thirst on waking, n (%)a 15 (44.1) 13 (52.0) 2 (22.2) 0.124
  Apnea, n (%)a 12 (35.3) 8 (32.0) 4 (44.4) 0.390

ESS, median (range)b 6.0 (1–19) 6.0 (1–19) 7.0 (1–12) 0.280
RBDSQ-J score, median (range)b 5.0 (1–11) 6.0 (2–11) 5.0 (1–9) 0.231
PSG data

  Total sleep time, min, mean ±  SDc 523.5 ± 71.5 510.9 ± 72.5 558.6 ± 58.6 0.086
  Actual sleep time, min, mean ±  SDc 306.9 ± 89.2 297.7 ± 73.3 332.6 ± 125.1 0.322
  Wake time after sleep onset, min, mean ±  SDc 252.0 ± 83.2 253.8 ± 65.7 246.9 ± 124.8 0.835
  Arousal index/h, median (range)b 34.4 (17.1–68.7) 31.2 (17.1–68.7) 46.4 (28.5–62.6) 0.017
  AHI/h, median (range)b 20.0 (2.8–86.2) 17.7 (2.8–64.1) 25.6 (4.5–86.2) 0.072
  AI/h, median (range)b 0.7 (0–44.8) 0.6 (0–44.8) 6.3 (0.2–33.1) 0.111
  ObAI/h, median (range)b 0.2 (0–40.8) 0 (0–40.8) 6.3 (0–29.9) 0.041
  CnAI/h, median (range)b 0.2 (0–2.4) 0.1 (0–1.9) 0.2 (0–2.4) 0.673
  MxAI/h, median (range)b 0 (0–7.2) 0 (0–7.2) 0 (0–2.9) 0.818
  HI/h, median (range)b 17.4 (2.8–59.0) 15.2 (2.8–53.6) 19.3 (4.3–59.0) 0.202
  SRBD  severitya 0.533
    None, n (%) 5 (14.7) 4 (16.0) 1 (11.1)
    Mild, n (%) 8 (23.5) 7 (28.0) 1 (11.1)
    Moderate, n (%) 12 (35.3) 9 (36.0) 3 (33.3)
    Severe, n (%) 9 (26.5) 5 (20.0) 4 (44,4)
  Sleep stage
    REM, %, mean ± SD 9.1 ± 6.2 9.5 ± 6.6 7.9 ± 5.3 0.511
    N1, %, median (range) 49.3 (18.4–90.5) 40.4 (18.4–90.5) 51.1 (48.0–89.9) 0.120
    N2, %, mean ± SD 39.6 ± 17.5 42.4 ± 18.0 32.0 ± 14.0 0.129
    N3, %, median (range) 0 (0–19.5) 0 (0–19.5) 0 (0–4.1) 0.539
  Minimum  SpO2, %, median (range)b 88.0 (75.0–94.0) 88.0 (80.0–94.0) 88.0 (75.0–94.0) 0.298
  Ratio of  SpO2 < 90%, %, median (range)b 0.2 (0–40.9) 0.2 (0–31.6) 0.7 (0–40.9) 0.376
  REM sleep without atonia, n (%)a 18 (52.9) 14 (56.0) 4 (44.4) 0.417

PtcCO2 monitoring data
  Max  PtcCO2, mmHg, mean ±  SDc 48.3 ± 6.0 45.5 ± 3.9 56.2 ± 2.7  < 0.001
  Ratio of  PtcCO2 > 50 mmHg, %, median (range)b 0 (0–100.0) 0 (0–30.9) 53.5 (27.3–100.0)  < 0.001
  Ratio of  PtcCO2 > 55 mmHg, %, median (range)b 0 (0–70.4) 0 (0–0) 0 (0–70.4) 0.050
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Fig.2  Results of polysomnography with monitoring of the trans-
cutaneous partial pressure of carbon dioxide  (PtCO2) in each case. 
SRBD, sleep-related breathing disorder; AHI, apnea–hypopnea index; 

SRHD, sleep-related hypoventilation disorder; MSA-C, cerebellar 
subtype of multiple system atrophy; MSA-P, parkinsonian subtype of 
multiple system atrophy
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neuropsychiatric, and autonomic functions between the 
MSA-SRHD and MSA-nSRHD groups.

Table 2 presents a comparison of the PSG and  PtcCO2 
monitoring results between the MSA-SRHD and MSA-
nSRHD groups. In the PSG data, the MSA-SRHD group had 
a higher arousal index (46.4 [28.5–62.6] in the MSA-SRHD 
group vs. 31.2 [17.1–68.7] in the MSA-nSRHD group, 
p = 0.017) and obstructive apnea index (6.3 [0.2–33.1] in 
the MSA-SRHD group vs. 0.6 [0–44.8] in the MSA-nSRHD 
group, p = 0.041). In the  PtcCO2 monitoring data, MSA-
SRHD had a higher maximum  PtcCO2 (56.2 ± 2.7 in the 
MSA-SRHD group vs. 45.5 ± 3.9 in the MSA-nSRHD group, 
p < 0.001) and percentage of time with  PtcCO2 > 50 mmHg 
during sleep (53.5 [27.3–100.0] in MSA-SRHD group vs. 0 
[0–30.9] in the MSA-nSRHD group, p < 0.001).

A comparison of the arterial blood gas analysis and pul-
monary function results between MSA-SRHD and MSA-
nSRHD is presented in Table 4. There were no differences 
in the daytime  PaCO2 results between the MSA-SRHD and 
MSA-nSRHD groups (40.3 ± 3.5 vs. 41.7 ± 3.6  mmHg, 
p = 0.337), indicating that basal ventilation during daytime 
was not impaired in MSA-SRHD. There was no significant 
difference in the pulmonary function results between the 
MSA-SRHD and MSA-nSRHD groups.

Discussion

Our results show that sleep-related hypoventilation and 
SRBD were common in patients with MSA, and these should 
be considered by clinicians during their clinical work-up as 
non-motor symptoms in patients with MSA.

In our study, SRHD was observed in approximately 
one-fourth of patients with MSA. The frequency of SRHD 
and the clinical characteristics of patients with MSA with 
SRHD have not been adequately studied thus far. There 
was no difference in daytime  PaCO2 or respiratory func-
tion between the patients with MSA with SRHD and those 
without SRHD. Patients with MSA and SRHD had a higher 
arousal index and obstructive apnea index than those without 
SRHD. However, some patients with SRHD did not exhibit a 
high AHI. The analysis of nasal airflow data in patients with 

MSA and severe SRHD revealed that the nasal airflow signal 
did not always meet the definition of an apnea or hypopnea 
event during sleep with a  PtcCO2 > 50 mmHg. These find-
ings suggested that SRHD could be overlooked with regular 
PSG alone and that  PtcCO2 monitoring in addition to regular 
PSG might be important for the evaluation of sleep-related 
hypoventilation in patients with MSA.

SRBD is frequently observed in patients with MSA. We 
found that 85% of patients with MSA had SRBD, defined as 
an AHI of ≥ 5/h, which is comparable with previous studies 
using the same definition of SRBD that reported a preva-
lence of SRBD ranging from 48.6 to 88.9% in patients with 
MSA [22–27]. We also found that 62% of patients with MSA 
had moderate to severe SRBD, defined as an AHI of ≥ 15/h, 
which is consistent with previous studies reporting the 
prevalence of moderate to severe SRBD, defined as an AHI 
of ≥ 15/h, ranging from 37.5 to 66.7% in patients with MSA 
[23, 26, 27].

In this study, the pulmonary function test results were 
not significantly different between patients with MSA with 
and without SRHD. Our study did not compare the results 
of pulmonary function in patients with MSA with healthy 
controls, and there are limited data regarding the pattern of 
pulmonary function abnormalities in patients with MSA. 
One study demonstrated an increase in the alveolar-arterial 
oxygen gradient [9], and another showed a decrease in dif-
fusing capacity in patients with MSA [28]. The mechanism 
behind these results remains to be elucidated.

Although the underlying pathophysiology of SRHD in 
patients with MSA remains unclear, SRHD may be caused 
by the involvement of central chemoreceptive neurons, 
hypoxia-sensitive carotid chemoreceptors, or autonomic 
centers controlling vascular tone. First, serotonergic neurons 
in the medullary raphe nuclei and glutamatergic neurons on 
the ventral surface of the medulla have been proposed to be 
responsible for central chemosensitivity to hypercapnia in 
previous experimental studies [29, 30]. Severe depletion of 
medullary serotonin neurons has been observed in patients 
with MSA who succumbed to sudden death [31]. Second, 
depletion of putative chemosensitive glutamatergic neurons 
in the arcuate nucleus, located just beneath the ventral med-
ullary surface, has also been reported in MSA [32]. Addi-
tionally, depletion of neurokinin-1 receptor-immunoreactive 
neurons in the rostral ventrolateral medulla of patients with 
MSA has been reported [33]. Some of these neurons may 
correspond to the preBötzinger complex neurons implicated 
in sensitivity to hypoxia. In the present study, the MDS-
UPDRS Part III score was lower in the MSA-SRHD group 
than in the MSA-nSRHD group, suggesting that some 
patients with MSA might have mild degeneration of the 
nigrostriatal system and severe degeneration of the med-
ullary chemoreceptive neurons or carotid chemoreceptors. 
Finally,  PtcCO2 measures the peripheral partial pressure of 

Table 3  Ratio of each nasal airflow pattern during sleep with 
PtcCO2 > 50 mmHg

Unclassifiable, not meeting definition for either apnea or hypopnea

Apnea (%) Hypopnea (%) Unclas-
sifiable 
(%)

Case no 6 22.2 15.6 62.2
11 4.3 5.1 90.6
12 4.5 19.6 76.9
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 CO2, which increases not only during hypoventilation but 
also during peripheral hypoperfusion. Therefore, SRHD that 
manifests only during sleep is also likely to be influenced 
by sleep-related decreased sympathetic outflow including 
noradrenergic neurons that control the carotid body [34] or 
peripheral perfusion [35, 36]. Therefore, SRHD detected 
with overnight  PtcCO2 monitoring could be a sensitive 

measure of the degree of the underlying autonomic failure 
in MSA.

One clinical implication of detecting SRHD using 
PSG with  PtcCO2 monitoring is that noninvasive ventila-
tion (NIV) rather than continuous positive airway pres-
sure (CPAP) may be encouraged to treat SRHD associated 
with MSA. CPAP is an effective and noninvasive treatment 

Fig. 3  Polysomnographic 
tracing of a patient with severe 
sleep-related hypoventilation. 
A Polysomnography shows 
nasal airflow limitation meet-
ing the definition of obstruc-
tive hypopnea during sleep 
with  PtcCO2 > 50 mmHg. B 
Polysomnography shows nasal 
airflow limitation meeting the 
definition of hypopnea or apnea 
is not observed during sleep 
with  PtcCO2 > 50 mmHg
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option for SRBDs in patients with MSA and has been rec-
ommended as standard treatment [37, 38]. NIV therapy is 
utilized as an alternative for overcoming ventilatory insuf-
ficiency in hypoventilation conditions. NIV has been con-
sidered an alternative to CPAP therapy for the treatment of 
severe obstructive sleep apnea with hypercapnia, certain 
forms of restrictive lung disease, and hypoventilation syn-
drome associated with daytime hypercapnia [39, 40]. Based 
on an algorithm for the treatment of chronic hypercapnic res-
piratory insufficiency in patients with neuromuscular disease 
in the German National Guidelines, two of the eight MSA 
-SRHD patients in this study with morning headache met 
the indication for NIV [41]. Although the effect of sleep-
related hypoventilation and associated hypercapnia on MSA 
progression and prognosis has not yet been investigated, 
hypercapnia has been proposed as one of the factors affect-
ing cognitive function in patients with chronic obstructive 
pulmonary disease [42]. Additional longitudinal studies are 
warranted to clarify the effects of sleep-related hypoventila-
tion and associated hypercapnia on disease progression and 
cognitive impairment in patients with MSA.

Limitations of our study include the following. First, 
this study lacked a healthy control group. Second, the MSA 
patients were clinically diagnosed without postmortem 
confirmation, so it is possible that some of these patients 
were misdiagnosed. Third, the  PaCO2 was measured by the 
transcutaneous route alone, and arterial blood gas analysis 
during sleep was not performed. Although direct  PaCO2 
measurement remains the gold standard,  PtcCO2 monitor-
ing has been shown to be a minimally invasive method that 
provides a reliable estimation of the  PaCO2 [43, 44]. Fourth, 

in the present study, 22 of the 56 consecutive patients were 
excluded for various reasons; therefore, unexpected selection 
bias might have affected the study results. Fifth, the number 
of patients included in the final analysis was not sufficient to 
perform reliable multivariable analyses to identify independ-
ent factors associated with SRHD.

Conclusions

In conclusion,  PtcCO2 monitoring during PSG may reveal 
sleep-related hypoventilation in patients with MSA who have 
normal daytime  PaCO2. SRBD and sleep-related hypoven-
tilation are common in patients with MSA, and clinicians 
should take this into consideration as non-motor symptoms 
in patients with MSA.
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Table 4  Arterial blood gas analysis and pulmonary function data
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b Fisher’s exact probability test
c Mann–Whitney U test
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No 34 25 9

Daytime  PaCO2, mmHg, mean ±  SDa 41.3 ± 3.5 41.7 ± 3.6 40.3 ± 3.5 0.337
Daytime hypercapnia, n (%)b 5 (14.7) 4 (16.0) 1 (11.1) 0.600
Daytime  PaO2, mmHg, median (range)c 87.0 (60–151) 86.0 (60–151) 90.0 (64–112) 0.908
%VC, %, mean ±  SDa 95.1 ± 13.4 94.6 ± 12.1 96.8 ± 17.2 0.677
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FEV1%, %, mean ±  SDa 94.3 ± 7.1 95.5 ± 6.4 91.2 ± 8.4 0.124
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