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Abstract

Background—Sleep-disordered breathing, particularly central sleep apnea (CSA), is highly 

prevalent in heart failure (HF) and an independent prognostic marker. We assessed the hypothesis 

that an increased hypoxemic burden during sleep may have greater prognostic value than the 

frequency of apneic and hypopneic episodes.

Methods and Results—We prospectively conducted overnight cardiorespiratory polygraphy on 

consecutive HF patients referred to our hospital between 2008 and 2011. We studied CSA defined 

by an apnea-hypopnea index (AHI) of ≥5 events/h, whereby >75% of all events were central in 

origin. We determined the AHI, proportion of the sleep time with an SpO2<90% (T90%), and 

percent of the recording time that 4% desaturation events occurred (4%POD). We studied 112 HF 

patients with either systolic or diastolic dysfunction. During a follow-up period of 37±25 months, 

32 patients (29%) died. Non-survivors had a higher 4%POD compared to survivors (11±6.4 vs. 

19±13%, p=0.001), but did not differ significantly regarding the AHI and T90% compared to 

survivors. An adjusted logistic regression analysis revealed that the 4%POD was the best 

independent predictor of mortality.
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Conclusion—The 4%POD, a novel metric for the nocturnal hypoxemic burden, is an 

independent prognostic marker in HF patients affected by CSA.
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Introduction

Heart failure is a major and increasing public health burden, and carries significant 

morbidity and mortality (1). Better risk stratification and targeting of clinical resources 

might lead to an improvement in survival. Sleep-disordered breathing (SDB), both in the 

form of obstructive sleep apnea (OSA) and central sleep apnea (CSA) are comorbid 

conditions in up to 50% of heart failure patients (2–4) and have implications for heart failure 

progression and prognosis (5–8).

In CSA, recurrent episodes of hypoxemic followed by hyperpnea are associated with 

periodic ischemia/reoxygenation, arousals, and elevations in sympathetic activity (9–11). 

Unlike OSA, changes in intrathoracic pressure are only modest in CSA. Thus, the adverse 

effects on CSA are mainly mediated by increased sympathetic activity rather than the 

ventricular afterload. In an early report by Naughton et al., (12) increased sympathetic 

activation in patients with heart failure and CSA was shown to be related to the severity of 

the nocturnal oxygen desaturation rather than the frequency of apnea and hypopnea 

episodes. Mansfield et al., (13) reported that cardiac norepinephrine spillover correlated with 

a reduced SpO2, but not with the apnea-hypopnea index (AHI). These studies suggest that 

the magnitude or severity of hypoxemia during sleep may have a greater detrimental effect 

on the heart, than the number of apnea or hypopnea episodes.

The severity of SDB is traditionally determined by the number of apnea and hypopnea 

episodes per hour of sleep, i.e., the AHI. However, the duration of the apnea episode and 

subsequent ventilation phase are inversely proportional to the cardiac function, so the AHI 

may not directly reflect the severity of the heart failure (5). While there seems little doubt 

that cardiovascular morbidity is associated with oxygen desaturation, few studies have 

explored or offered robust metrics for the nocturnal hypoxemic burden. The aim of this study 

was to explore the novel oxygen desaturation metrics for risk stratification in patients with 

heart failure affected by CSA.

Materials and Methods

Patients

From January 2008 to December 2011, we prospectively enrolled patients who were 

consecutively referred to the hospital for the evaluation or treatment of either systolic or 

diastolic heart failure (3). Patients were excluded if they satisfied one or more of the 

following criteria: an ongoing treatment for SDB, chronic obstructive pulmonary disease (a 

forced expiratory volume per second of <70%), hypercapnia (PaCO2 >45 mmHg), 

pregnancy, use of sedatives/sleeping medications, those ≥95 years or <20 years of age, active 
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myocarditis, renal failure requiring dialysis, or malignancy. In addition, patients were 

excluded if, within the previous 2 months, they had undergone coronary revascularization or 

had had an acute myocardial infarction, unstable angina, or a stroke. The study protocol 

conformed to the Declaration of Helsinki. The study was approved by the Ethics Committee 

of Fujita Health University and patients gave their informed consent to participate.

Sleep studies and group definitions

We used type 3 in-hospital unattended cardiorespiratory polygraphy (Fukuda Denshi, 

LS-300, Tokyo), with recording of the body position, electrocardiography, oronasal airflow, 

chest and abdominal effort, and pulse oximetry (14, 15). The sampling rate of the pulse 

oximetry was 1 Hz. Apnea was defined as a cessation of airflow that lasted at least 10 s, and 

hypopnea was defined as a ≥ 30% decrease in the sum of the thoracoabdominal movements 

lasting ≥ 10 seconds, followed by a reduction in the SpO2 of at least 4%. CSA was defined 

as an absence of oronasal airflow during sleep for ≥10 s associated with an absent 

respiratory effort or any reduction in the oronasal airflow for ≥10 s associated with in-phase 

thoracoabdominal movement and a ≥4% fall in the SpO2. Cheyne-Stokes respiration was 

defined as at least three episodes of continuous cycles of waxing and waning tidal volumes 

with periods of hyperventilation separated by CSA or hypopnea episodes. In this study, 

Cheyne-Stokes respirations were included in CSA. OSA was defined as cessation of the 

oronasal airflow for ≥10 s in the presence of an out-of-phase thoracoabdominal effort or as a 

fall in the oronasal airflow for ≥10 s with an out-of-phase thoracoabdominal movement 

associated with a ≥4% fall in the SpO2. We studied CSA defined by an AHI of ≥5 events/h, 

whereby ≥ 75% of all events were central in origin. We excluded OSA defined by an AHI of 

≥5 events/h with ≥25% non-central events. The sleep studies were performed while patients 

were in stable heart failure. We studied the data recorded from 22:00 h to 06:00 h, expressed 

as the total recording time. The sleep study analyses were performed and scored by an SDB 

technician (SF) and a board-certified sleep specialist (YM) who were blinded to this study.

Desaturation index

To quantify the SDB-related variation in the SpO2 during the cardiorespiratory polygraphy, 

the following measures were obtained:

1. Oxygen desaturation index (ODI) defined as the number of oxygen desaturation 

events per hour during the sleep duration, where an event was detected if the 

oxygen level dropped by 3% and 4% (3%ODI and 4%ODI, respectively) from 

the baseline oxygen saturation.

2. The proportion of the sleep time with an SpO2 of <90% (T90%), and area under 

the T90% (AUT90%) were determined. Also, the mean SpO2, minimum SpO2, 

and standard deviation of the SpO2 during sleep were analyzed.

3. The percentage of the oxygen desaturation events (POD) was defined as

Watanabe et al. Page 3

J Card Fail. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



where τi was the duration of each oxygen desaturation event. The 3%POD and 

4%POD were defined corresponding to the 3%ODI and 4%ODI, respectively. 

That value was normalized by the total recording time and presented as the % 

(Figure 1).

4. The area under the oxygen desaturation (AOD) event was defined as

where Si was the accumulation of (threshold −SpO2) × (sampling interval) of 

each oxygen desaturation event. In this definition, the sum of Si (numerator) 

could be proportional to the total recording time. Therefore, the AOD was 

normalized by the total recording time. The AOD value primarily reflects the 

depth of the apnea-induced desaturations averaged over the total recording time. 

The 3%AOD and 4%AOD were defined corresponding to the 3%ODI and 

4%ODI, respectively. That value was measured for the total recording time and 

presented as the % (Figure 1).

Follow-Up and documentation of the end point

Patients were followed up at our hospital, and their status was determined from the medical 

records. The follow-up data of those who did not visit our hospital was obtained by a 

telephone interview of the patient, patient’s family, or primary care physician. The end point 

was death due to any cause. Members of the events verification committee who were blinded 

to the sleep study results reviewed the medical records and ascertained the death endpoint. 

Patients were censored at death or the last follow-up.

Statistical analysis

Differences in the frequency were tested using a χ2 test for categorical data and Student’s t-
test for continuous variables. Relationships between clinical factors and the sleep apnea 

measures were assessed by a Spearman’s rank correlation analysis. A multivariate logistic 

regression analysis was used to identify the oxygen desaturation measures that were 

independently linked to mortality during a period of 1 year after the follow up. We 

constructed 3 separate models; Model 1 was adjusted for the age, sex, ischemic heart 

disease, and left ventricular ejection fraction (LVEF). Model 2 was adjusted for the age, sex, 

chronic kidney disease, and left atrial diameter, and Model 3 was adjusted for the age, sex, 

diabetes mellitus, and left atrial diameter. The odds ratio (OR) per increment of 1 standard 

deviation (SD) and 95% confidence interval (CI) are shown. A time-to-event curve 

describing the proportion of patients remaining free from death was calculated by the 

Kaplan-Meier method and compared with the log-rank test. Receiver operating characteristic 

(ROC) curves were constructed for each sleep study parameter and the sensitivities and 

specificities, and areas under curves (AUCs) were determined. Quantitative data are 

expressed as means±SD. For variables with a skewed distribution, the values were 

transformed to natural logarithms. A two-tailed P-value of <0.05 was considered significant. 

The statistical analyses were performed using JMP 10.0.2 software (SAS Institute, USA).
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Results

Clinical characteristics

The baseline characteristics of the patients are summarized in Table 1. There were no 

significant differences with regard to the age, body mass index, and New York Heart 

Association classification between survivors and non-survivors. Non-survivors were more 

likely to be male, had higher rates of ischemic heart disease, diabetes, chronic kidney 

disease, a reduced LVEF, and enlarged left atrial diameter as compared to survivors.

Sleep study

The results of the sleep study are presented in Table 2. No significant differences were 

observed in regard to the AHI, central apnea index, and minimum SpO2 between survivors 

and non-survivors. Non-survivors tended to have a higher 3%ODI, SD SpO2, T90%, 

AUT90%, 3%AOD, and 4%AOD. Non-survivors also exhibited a lower mean SpO2 (95±2.2 

vs. 96±2.1%, p=0.003) and higher 3%POD (19±11vs.30±18, p=0.002) and 4%POD (11±6.4 

vs. 19±13%, p=0.001) than survivors. We further divided the survivors and non-survivors 

into 3 subgroups based on the LVEF (LVEF<30%, 30–40%, and >40%), but we found no 

significant difference in the 4%POD in the survivors and non-survivors across these 3 

groups (data not shown).

Relationships between the clinical features and sleep apnea measures

In the entire patient population, close correlations were observed among the sleep apnea 

measures (Table 3). There were weak correlations between the SD SpO2, T90%, AUT90%, 

and age. The AHI had a weak association with the body mass index and chronic kidney 

disease. The 4%AOD and 4%POD were independent of the age, sex, body mass index, and 

LVEF. Also, none of the sleep apnea measures was associated with medications (data not 

shown).

Endpoint

During the follow-up period of 37±25 months, 32 patients (29%) died due to heart failure 

(n=21), sudden death (n=8), major bleeding (n=2), and stroke (n=1). Twenty nine patients 

died in our hospital, and the primary care physicians confirmed the remaining 3 patients’ 

deaths. We could not ascertain the outcome in 7 patients (8.8%) in the survivors. There were 

no significant differences in the clinical background and sleep study parameters between 

those with completed follow up and those lost to follow up (data not shown). The 

multivariate logistic regression analysis is summarized in Table 4. In all 3 Models, the 

4%POD was the best independent predictor of mortality. A Kaplan-Meier plot for 

cardiovascular death dichotomized using the median value of the 4%POD (11.9%) is shown 

in Figure 2. The prognostic accuracy of the sleep study parameters is presented in Table 5. 

Of the individual measures, the 4%POD was the best predictor of mortality with a sensitivity 

of 93.7%, specificity of 56.9%, and AUC of 0.777.
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Discussion

Major findings

We conducted a detailed analysis of the degree of oxygen desaturation during sleep in 

patients with heart failure affected by CSA. We found that the percent of the recording time 

that 4% desaturation events occurred (4%POD), a novel prognostic metric to assess the 

nocturnal hypoxemia burden, predicted the mortality independent of other desaturation 

metrics such as the AHI or ODI. Our data suggest that a greater hypoxemic burden may have 

a more marked detrimental effect on the heart than the frequency of apnea-hypopnea 

episodes.

Heart failure and CSA frequently coexist, commonly resulting in serious adverse events. 

With both conditions increasing in prevalence, it is important to understand how the oxygen 

desaturation during sleep impacts the prognosis. In this study we examined patients with 

worsening heart failure treated in accordance with the Guideline-Directed Medical Therapy 

(GDMT) as shown in the 2013 ACCF/AHA guidelines for the management of heart failure 

(1) and they were compliant with the GDMT during the follow-up period.

Previous studies showed that the presence of CSA with an AHI of ≥ 5/h identified 

individuals at an increased risk of cardiovascular consequences in systolic heart failure (2, 

16). However, several studies also reported conflicting results (17, 18). Unlike OSA, there 

are limited changes in the intrathoracic pressure during CSA and mild desaturations and 

hyperpnea. Further, oxygen desaturation is thought to be less predictive of mortality in CSA 

than in OSA (19, 20). In an early report by Javaheri et al., (2) the T90% was a significant 

univariate predictor of death in patients with systolic heart failure and CSA. Recently, 

Oldenburg et al. (21) reported the independent prognostic value of the T90% using a large 

population of systolic heart failure patients with a long-term follow up. Collectively, our data 

suggest that the prognostic information was greater with the hypoxemic burden than with the 

frequency of apnea episodes in patients with heart failure affected by CSA. In this study we 

found novel and independent hypoxemic burden metrics for cardiovascular mortality 

including the 4%POD followed by the 3%POD and T90%. We initially expected that the 

4%AOD or AUT90%, which integrates the duration and magnitude of hypoxemia, would be 

more efficient prognostic markers than the 3%POD and T90%. This is probably due to the 

underpowering of the study because of the small sample size.

An adequate supply of oxygen is critical for the cardiac viability and function, and 

hypoxemia itself can have direct adverse effects (19). Ryan et al. showed that as oxygen 

levels decrease, either intermittently or sustained, gene expression patterns in cultured cells 

are significantly altered (22). Intermittent hypoxia activates NF-κB with downstream 

consequences such as increased production of inflammatory genes such as TNF-α. 

Sustained hypoxia stabilizes the HIF-1 with downstream consequences including production 

of BNP or erythropoietin. Induction of BNP in CSA patients was demonstrated by Gottlieb 

et al., (20) who performed serial measurements of the BNP levels during sleep and found 

that the changes in the BNP paralleled those for the T90%, rather than apneic episodes.
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Cumulative oxygen desaturation may have detrimental effects on the heart, but therapy 

aimed to improve hypoxemia does not necessarily reduce the mortality. Nocturnal 

supplemental oxygen has been shown to reduce the AHI, and increase the cardiac function 

or quality of life but does not reduce the mortality (23, 24). Adaptive servo-ventilation 

(ASV), one of the promising positive pressure support devices, has been shown to be more 

effective than oxygen supplementation, continuous positive airway pressure, or bilevel 

positive airway pressure therapy at lowering the AHI in patients with heart failure and CSA 

(25). Previous studies reported that short-term treatment by ASV in SDB patients with heart 

failure can improve the central AHI, ejection fraction, BNP, and health-related quality of life 

(26, 27). However, a recent large randomized trial, the Adaptive Servo-Ventilation for 

Central Sleep Apnea in Systolic Heart Failure (SERVE-HF) study (28), failed to show any 

attenuation of hospitalizations and death in patients randomized to ASV compared to those 

randomized to no ASV. Further, the all-cause mortality and cardiovascular mortality were 

significantly higher in the ASV group than in the control group. The implications of this 

outcome for the concept and application of ASV will motivate careful reflection and 

additional investigation.

Study limitations

This study was based on observations of a small cohort of patients who were referred to a 

tertiary university hospital. We observed 32 deaths, which may not be enough to draw final 

conclusions regarding the oxygen desaturation analysis in a prognostic stratification. We 

used ambulant polygraphy, which excluded the analysis of the sleep stages and was not the 

current gold standard diagnostic approach for SDB. We only used a pressure probe, but not 

that with a thermocouple. Thus, some of the events may conceivably have been 

misclassified. The study results also cannot be extrapolated to patients with predominantly 

OSA. We did not analyze the correlation between the 4%POD and diastolic dysfunction 

stages.

Conclusion

We conducted a detailed analysis of the degree of oxygen desaturation during sleep in 

patients with heart failure and CSA. We identified a novel prognostic metric to assess the 

nocturnal hypoxemic burden, which is an important pathophysiological feature of CSA, and 

which strongly predicted mortality independent of the other desaturation metrics. These 

findings have implications for improved risk stratification in patients with heart failure and 

CSA. Our findings, albeit interesting, should be validated prospectively in a large cohort of 

heart failure patients.
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Highlights

• Central sleep apnea (CSA) is prevalent in heart failure and related to 

mortality.

• We analyzed the hypoxemic burden during sleep in heart failure and CSA.

• A percent of the recording time that 4% desaturation events occurred 

(4%POD) is an independent prognostic marker.

• Assessing nocturnal hypoxemic burden has an implication for risk 

stratification.
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Figure 1. Schematic diagram of the sleep parameters considered in this study
The upper panel indicates the SpO2, and the lower panel indicates the nasal flow. See the 

text for the details.
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Figure 2. Kaplan-Meier survival curves for the cardiovascular mortality
The patients were dichotomized by a median value of the 4%POD of 11.9%. The dotted 

lines indicate the 95% confidence interval. POD: percentage of oxygen desaturation events.
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Table 1

Baseline clinical characteristics.

All patients
(n = 112)

Survivors
(n = 80)

Non-survivors
(n = 32) P-value

Age, years 72±12 71±12 77±6 0.06

Male, n (%) 78 (70) 61 (66) 17 (89) 0.04

BMI, kg/m2 23±4 23±4 23±3 0.78

NYHA class II, III/IV, n 104/8 74/6 30/2 0.53

Atrial fibrillation, n (%) 55 (49) 42 (53) 13 (41) 0.26

ICD/CRT-D 2/4 (5) 1/3 (5) 1/1 (6) 0.79

Medical history, n (%)

 Diabetes mellitus 54 (48) 41 (44) 13 (68) 0.05

 Hypertension 56 (50) 47 (51) 9 (47) 0.80

 Ischemic heart disease 51 (46) 37 (40) 14 (74) 0.01

 Dyslipidemia 43 (38) 37 (40) 6 (32) 0.50

 Chronic kidney disease 50 (45) 38 (41) 12 (63) 0.07

Systolic blood pressure, mmHg 108±19 109±19 105±21 0.51

Diastolic blood pressure, mmHg 62±13 62±12 57±14 0.12

Laboratory values

 Creatinine, mg/dl 1.3±0.8 1.3±0.9 1.5±0.6 0.36

 Hemoglobin, g/dl 13±2.1 13±2 12±2 0.13

 BNP, pg/ml 349±428 315±296 501±788 0.09

 ln BNP 5.4±1.0 5.3±1.0 5.7±1.0 0.17

Echocardiography

 LVEF, % 40±16 42±16 32±11 0.01

  ≤ 50% 73 (65) 49 (61) 24 (75) 0.09

  > 50% 39 (35) 32 (39) 7 (25)

 LAD, mm 42±7 41±7 47±6 <0.01

Medications at discharge, %

 β-Blocker 95 (85) 78 (84) 17 (89) 0.54

 ACE-I/ARB 96 (86) 79 (85) 17 (89) 0.61

 Loop diuretics 98 (88) 80 (86) 18 (95) 0.30

 Spironolactone 77 (69) 64 (69) 13 (68) 0.98

 Digitalis 25 (22) 19 (20) 6 (32) 0.29

 Statin 50 (45) 42 (45) 8 (42) 0.81

BMI: body mass index, NYHA: New York Heart Association functional class, ICD: implantable cardioverter-defibrillator, CRT-D: cardiac 
resynchronization therapy with defibrillator, BNP: B-type natriuretic peptide, ln: natural logarithm, LVEF: left ventricular ejection fraction, LAD: 
left atrial diameter, ACE-I: angiotensin-converting enzyme inhibitor, ARB: angiotensin II receptor blocker. Chronic kidney disease indicates the 

estimated glomerular filtration ratio <60 mL/1.73m2. Data represent the frequencies or means±SD.
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Table 2

Sleep study

All patients
(n = 112)

Survivors
(n = 80)

Non-survivors
(n = 32) P-value

AHI, /h 21±13 20±11 25±15 0.11

OAHI, /h 1.6±2.2 1.5±2.2 1.7±2.4 0.65

CAI, /h 18±12 16±10 20±11 0.16

3%ODI, /h 17±8.4 16±6.6 20±11 0.06

4%ODI, /h 13±8.1 12±5.9 17±11 0.045

Mean SpO2, % 96±2.2 96±2.1 95±2.2 0.003

Minimum SpO2, % 79±5.0 79±5.2 79±4.8 0.94

SD SpO2, % 2.5±0.9 2.4±0.8 2.7±1.1 0.15

T90%, % 5.3±11 4.0±9.8 8.7±13 0.06

AUT90%, % 0.2±0.5 0.15±0.5 0.3±0.6 0.18

3%AOD, % 0.18±0.2 0.16±0.2 0.26±0.3 0.08

4%AOD, % 0.1±0.1 0.08±0.1 0.15±0.2 0.11

3%POD, % 23±14 19±11 30±18 0.002

4%POD, % 14±9.4 11±6.4 19±13 0.001

AHI: apnea-hypopnea index, OAHI: obstructive apnea-hypopnea index, CAI: central apnea-hypopnea index, SD SpO2: standard deviation of SpO2 
during sleep, T90%, proportion of the sleep time with an arterial oxygen saturation of <90%. AUT90%: area under T90%, ODI: oxygen 
desaturation index, AOD: area under oxygen desaturation events, POD: percentage of oxygen desaturation events.
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Table 5

Prognostic accuracy of the sleep study parameters.

Parameters Sensitivity Specificity AUC

AHI (/h) 0.375 0.937 0.583

CAI (/h) 0.312 0.968 0.601

3%ODI (/h) 0.750 0.541 0.638

4%ODI (/h) 0.812 0.458 0.656

Minimum SpO2 (%) 0.812 0.479 0.589

SD SpO2 (%) 0.687 0.687 0.659

T90% (%) 0.687 0.697 0.683

AUT90% (%) 0.625 0.687 0.667

3%AOD (%) 0.625 0.740 0.687

4%AOD (%) 0.625 0.687 0.664

3%POD (%) 0.750 0.678 0.702

4%POD (%) 0.937 0.569 0.777

AUC: area under the curve.
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