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Abstract

Aims Heart failure (HF) and sleep-disordered breathing (SDB) frequently coexist. We aimed to compare the prognostic value
of different nocturnal hypoxic burden metrics in hospitalized HF patients.
Methods and results HF patients underwent polygraphy screening for SDB in this prospective cohort. Hypoxic burden met-
rics assessed using pulse oximetry included time < 90% oxygen saturation (T90), proportion of total recording time < 90%
oxygen saturation (TRT90), oxygen desaturation index (ODI), and mean oxygen saturation (meanSO2). The prespecified end-
points were the composite of cardiovascular death or admission for worsening HF. This study included 764 hospitalized HF
patients, 16.5% and 36.6% of whom had obstructive and central sleep apnoea, respectively. With a median follow-up time
of 2.2 years, endpoint events occurred in 410 (53.7%) patients. In univariate and multivariate analyses, T90, TRT90, and
meanSO2 were substantially associated with the composite outcome, whereas ODI was not. After multivariate Cox model ad-
justment, patients with 5.0 ≤ T90 ≤ 52.0 min [hazard ratio (HR) 1.32, 95% confidence interval (CI): 1.02–1.71, P = 0.034] or
T90 > 52.0 min (HR 1.56, 95% CI: 1.21–2.02, P = 0.001) had a greater risk of the composite outcome than those with
T90 < 5.0 min. The TRT90 and T90 results were similar. Compared with meanSO2 > 95%, meanSO2 < 93% (HR 1.47, 95%
CI: 1.16–1.88, P = 0.002) was correlated with adverse outcomes.
Conclusions The hypoxic burden metrics T90, TRT90, and meanSO2, but not ODI, were independent predictors of cardiovas-
cular death or readmission for worsening HF. Indicators of duration and severity, not just the frequency of nocturnal
hypoxaemia, should be valued and considered for intervention to improve outcomes in HF patients.
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Introduction

Sleep-disordered breathing (SDB) influences at least half of
heart failure (HF) patients and is accompanied by adverse
clinical outcomes.1–4 The severity of SDB is usually identified
and quantified using the apnoea–hypopnoea index (AHI),
which may be a risk factor for postdischarge death in patients
with acute HF.1 Pathophysiological abnormalities in patients
with SDB (both obstructive and central), such as sympathetic

nervous system activation, systemic inflammation, and
intermittent nocturnal hypoxaemia, may accelerate adverse
cardiovascular events and aggravate HF.2,5,6 The sleep
apnoea-related hypoxic burden also contributes to the devel-
opment of stroke and HF.7,8

The nocturnal hypoxic burden is often assessed using a fin-
ger pulse oximeter. Time < 90% oxygen saturation (T90), an
indication of nocturnal hypoxaemia, has been shown to be
an independent predictor of all-cause death in individuals
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with chronic stable HF.9 In an older male community-based
cohort, T90 was also shown to be associated with cardiovas-
cular mortality.10 Furthermore, the obstructive sleep
apnoea-related hypoxic burden may be utilized to forecast
cardiovascular death and all-cause mortality.11 The nocturnal
hypoxic burden, caused by apnoea and hypopnoea, may be a
major contributor to the impairment of the cardiovascular
system by SDB.12

There is limited research comparing the prognostic value
of different nocturnal hypoxic burden indicators in hospital-
ized HF patients. It is unclear whether different nocturnal
hypoxic burden metrics have different effects on the cardio-
vascular outcomes of HF patients. We hypothesized that met-
rics of duration and severity but not frequency of nocturnal
hypoxaemia would be independent predictors of the com-
posite outcome in hospitalized HF patients. This study
attempted to determine the value of different nocturnal hyp-
oxic burden metrics on the composite of cardiovascular death
or readmission for worsening HF.

Methods

Study population and participants

In this prospective cohort study, HF patients who underwent
a sleep study while hospitalized at the HF Center at Fuwai
Hospital between May 2015 and July 2018 were included.
The inclusion criteria were as follows: (i) signs and symp-
toms of increased fluid load and/or hypoperfusion and the
appropriate supporting tests to confirm worsening cardiac
function, such as echocardiography, natriuretic peptide
levels, electrocardiography, and chest X-ray; (ii) adults over
18 years old; and (iii) N-terminal pro-brain natriuretic pep-
tide (NT-proBNP) values > 300 pg/mL. The exclusion criteria
included heart transplantation during hospitalization,
chronic obstructive pulmonary disease, acute myocarditis,
in-hospital death, sleep monitoring < 4 h, and loss to fol-
low-up. Patients who were currently using or had previously
used home oxygen treatment or any other form of positive
airway pressure therapy were also excluded. All patients
completed an informed consent form, the study was per-
formed in line with the principles of the Helsinki Declara-
tion, and the study protocol was approved by the Fuwai
Hospital Ethics Committee.

Sleep studies

Patients were screened with overnight sleep monitoring
within 48 h of admission or during hospitalization. All sleep
studies were performed in an unattended hospital setting
using a multichannel cardiorespiratory monitor ApneaLink
Plus (ResMed) for sleep monitoring. During sleep monitoring,

the patient was free of hypotension (systolic blood
pressure < 90 mmHg) and did not require
ventilator-assisted ventilation. The patients did not inhale
oxygen during sleep monitoring, and the decision to admin-
ister oxygen therapy during the rest of the time was made
according to the patient’s symptoms and disease severity.
From 10:00 PM to 6:00 AM, the patient’s body posture,
snoring, chest respiratory motion, pulse oximetry, and nasal
airflow pressure were all monitored by the sleep monitor.
Night shift nurses regularly checked the status of the sleep
monitoring devices on the patients and made the necessary
adjustments. ApneaLink Version 10.2 software automatically
evaluated the collected data, and then two sleep specialists
manually analysed and corrected it. The final statistical
analysis only considered data with a valid analysis time of
at least 4 h.

Apnoea and hypopnoea episodes were scored in accor-
dance with the American Association of Sleep Medicine
guideline recommendations.13 An apnoea event was defined
as a decrease in nasal airway pressure of 90% or greater from
baseline levels lasting at least 10 s (Supporting Information,
Table S1). A hypopnoea event was defined as a nasal
airflow pressure reduction of 30% or more from baseline
values followed by a 3% or greater drop in oxygen saturation
that lasted for at least 10 s. AHI was defined as the number
of apnoea and hypopnoea per hour of sleep. The severity
of SDB was assessed by the AHI. No or mild SDB was
considered an AHI of <5 or <15 events/h. Patients were
classified as having central sleep apnoea if they had an
AHI ≥ 15 events/h and central apnoea or hypopnoea
episodes > 50%; otherwise, they were classified as having
obstructive sleep apnoea. We utilized desaturation counts
of at least 3%/h during sleep to calculate the oxygen
desaturation index (ODI).

Hypoxic burden metrics and classifications

T90, TRT90 (proportion of total recording time < 90% oxygen
saturation), ODI, and mean oxygen saturation (meanSO2)
were identified as four common metrics of hypoxic burden.
The research population was separated into three
groups based on the tertiles of T90: T90 < 5.0 min,
5.0 ≤ T90 ≤ 52.0 min, and T90 > 52.0 min. The reference for
statistical analysis was T90 < 5.0 min. Other metrics of hyp-
oxic burden were also grouped by tertile, such as T90.

Follow-up and outcomes

Patients participated in systematic follow-up and data collec-
tion via outpatient visits or telephone calls after discharge
until September 2019. The prespecified endpoints were iden-
tified as the composite of cardiovascular death or the first
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unplanned hospital admission for worsening HF. The collec-
tion and definition of endpoint events were completed and
confirmed by two cardiovascular specialists.

Statistical analysis

Categorical and continuous variables for baseline character-
istics are expressed as frequencies with percentages and
means with standard deviations (or medians with interquar-
tile ranges for variables with a skewed distribution), respec-
tively. For group comparisons, analysis of variance (ANOVA)
and the χ2 test or Fisher’s exact test were utilized. The
Kaplan–Meier curve survival analysis and the log-rank test
employed tertile divides of the metrics for the nocturnal
hypoxic burden. Both univariate and multivariate Cox
models fulfilled the proportional hazards assumption. The
multivariate Cox proportional risk regression model included
baseline factors considered to be clinically relevant or
univariately involved with outcomes. Given the number of
available events, the included variables were carefully cho-
sen. Patient characteristics from the baseline table, comor-
bidities, lab results, clinical assessments, and medications
at discharge were all candidate variables. The multivariate
Cox model was completed using stepwise forward selection
with a significance threshold of 0.10 for exclusion and re-en-
try. Statistics were deemed indicative of significance if
P < 0.05. R 4.3.0 (R Foundation for Statistical Computing,
Vienna, Austria) software was utilized to conduct all statisti-
cal analyses.

Results

Patient characteristics

In total, 764 patients were included (Figure 1); 36.6% of pa-
tients had central sleep apnoea, and 16.5% of patients had
obstructive sleep apnoea. The median follow-up was 2.2 years
[95% confidence interval (CI): 2.0–2.4]. During the follow-up
period, 53.7% (410/764) of patients reached the composite
of cardiovascular death or hospital admission for
worsening HF.

Table 1 shows the characteristics of the patients. The aver-
age age was 54.7 ± 14.9 years, with a mean body mass index
(BMI) of 24.9 ± 4.5 kg/m2. A total of 27.7% had diabetes,
45.7% had hypertension, more than one-third had atrial fibril-
lation and coronary artery disease, and more than half had
dyslipidaemia. In 10.7% (82/764) of patients, the oxygen satu-
ration level was never <90%. Patients in the highest T90
tertile had a higher BMI, NT-proBNP level, and New York Heart
Association (NYHA) class, lower left ventricular ejection frac-
tion, and lower kidney function (Table 1). Patients with end-
point events had higher T90 and TRT90, lower meanSO2, and
lower minimal oxygen saturation but showed no difference
in AHI or ODI values compared with those without (Table 2).

Time < 90% oxygen saturation as a predictor of
the composite outcome

As T90 increases, the risk of cardiovascular death or rehospi-
talization for HF increases. The Kaplan–Meier curves revealed

Figure 1 Study flowchart. COPD, chronic obstructive pulmonary disease; NT-proBNP, N-terminal pro-brain natriuretic peptide.
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that patients with T90 in the upper tertile had significantly
higher event rates for endpoint occurrence than those
with T90 < 5 min (Figure 2). At 2 years, the composite out-
come probabilities of patients with T90 < 5 min,
5.0 ≤ T90 ≤ 52.0 min, and T90 > 52.0 min were 38.6%,
49.2%, and 60.8%, respectively. In the univariate Cox model,
T90 (either continuous or categorical) was substantially linked
to a risk for the composite outcome. The significant associa-
tion remained for the 5.0 ≤ T90 ≤ 52.0 min [hazard ratio (HR)
1.32, 95% CI: 1.02–1.71, P = 0.034] and T90 > 52.0 min (HR
1.56, 95% CI: 1.21–2.02, P < 0.001) groups after adjusting
for hypertension, age, blood urea nitrogen, left ventricular
end-diastolic diameter, left atrial diameter, NT-proBNP, loop
diuretics, angiotensin-converting enzyme inhibitors, and an-
giotensin receptor blockers (Tables 3 and 4). T90 > 5.0 min
was independently associated with a greater risk of the com-
posite outcome, with an adjusted HR of 1.44 (95% CI: 1.14–
1.80, P = 0.002) using T90< 5.0min as a reference (Supporting
Information, Figure S1). There was no noticeable interaction
between T90 and crucial clinical subgroups in our study.

Proportion of total recording time < 90% oxygen
saturation as a predictor of the composite
outcome

Similar to the T90 Kaplan–Meier curve, the composite out-
come event rate was considerably higher in the
1.3 ≤ TRT90 ≤ 14% and TRT90 > 14% patient groups than
in the TRT90 < 1.3% group. The composite outcome event
rates for patients with TRT90 < 1.3%, 1.3 ≤ TRT90 ≤ 14%,
and TRT90 > 14% were 38.5%, 51.2%, and 59.4%, respec-
tively, at 2 years. In multivariate Cox models, compared with
those with TRT90 < 1.3%, patients with 1.3 ≤ TRT90 ≤ 14%
(HR 1.38, 95% CI: 1.07–1.78, P = 0.013) and TRT90 > 14%
(HR 1.51, 95% CI: 1.17–1.95, P = 0.002) had an increased risk
of the composite outcome event (Table 4 and Supporting
Information, Table S2). For every 22% (per standard devia-
tion) increase in TRT90, the risk of a composite outcome
event increased by 11% (HR 1.11, 95% CI: 1.02–1.22,
P = 0.018).

Oxygen desaturation index as a predictor of the
composite outcome

The 2 year composite outcome event rates were similar
among the different ODI groups, as shown in Figure 2. In
univariate and multivariate Cox models, ODI as a categorical
and continuous variable was not significantly associated with
the composite outcome event (Table 4 and Supporting Infor-
mation, Table S3). After multivariate adjustment,
14.5 ≤ ODI ≤ 28.3 events/h (HR 0.99, 95% CI: 0.77–1.26,
P = 0.905) and ODI > 28.3 events/h (HR 0.96, 95% CI: 0.75–
1.22, P = 0.716) were not linked to an elevated risk of
composite outcome events compared with ODI < 14.5
events/h (Table 4).

Mean oxygen saturation as a predictor of the
composite outcome

Figure 2 shows that patients with 93 ≤ meanSO2 ≤ 95% had
no difference in composite outcome events at 2 years com-
pared with patients with a meanSO2 > 95%, whereas pa-
tients with a meanSO2 < 93% experienced more events. Only
a meanSO2 < 93% (HR 1.47, 95% CI: 1.16–1.88, P = 0.002)
was correlated with a considerably greater risk of composite
outcome events in the multivariate Cox models (Table 4 and
Supporting Information, Table S4). The risk of the composite
endpoint event declined by 10% (HR 0.90, 95% CI: 0.84–
0.96, P = 0.002) for every 4.6% (per standard deviation) in-
crease in the meanSO2.

Association of nocturnal hypoxic burden metrics

T90 had various correlations with other sleep monitoring
metrics, such as the AHI, ODI, TRT90, and meanSO2. The
correlation coefficients of T90 with AHI, ODI, and TRT90 were
0.54, 0.61, and 0.98, respectively. T90 and meanSO2 were
negatively correlated (Spearman’s correlation: r = �0.8,
P < 0.01). The scatterplots of AHI and T90 are shown in
Supporting Information, Figure S3.

Table 2 Sleep variables with and without events

Variable Total (N = 764) Event free (N = 354) Incident case (N = 410) P value

Apnoea–hypopnoea index, events/h 15.5 (6.4, 29.3) 15.2 (6.1, 29.2) 16.1 (6.6, 29.2) 0.856
Oxygen desaturation index, events/h 19.9 (11.4, 32.9) 19.6 (10.2, 33.0) 20.4 (12.0, 32.3) 0.484
T90, min 19.5 (3.0, 83.0) 9.0 (2.0, 59.8) 28.0 (4.0, 94.5) <0.001
TRT90, % 5.0 (0.6, 21.0) 2.4 (0.4, 16.0) 7.6 (0.9, 23.9) <0.001
Mean oxygen saturation, % 94.0 (93.0, 96.0) 95.0 (93.0, 96.0) 94.0 (93.0, 96.0) 0.004
Minimal oxygen saturation, % 79.0 (74.0, 83.0) 80.0 (75.0, 83.0) 79.0 (73.0, 82.0) 0.003
SDB 0.477

No or mild SDB, n (%) 358 (46.9) 166 (46.9) 192 (46.8)
Obstructive sleep apnoea, n (%) 126 (16.5) 64 (18.1) 62 (15.1)
Central sleep apnoea, n (%) 280 (36.6) 124 (35.0) 156 (38.0)

SDB, sleep-disordered breathing; T90, time< 90% oxygen saturation; TRT90, proportion of total recording time< 90% oxygen saturation.

3508 B. Huang et al.

ESC Heart Failure 2023; 10: 3504–3514
DOI: 10.1002/ehf2.14526



Restricted cubic spline curve analysis of the
composite outcome

Restrictive cubic splines are shown for different metrics of
hypoxic burden (Figure 3 and Supporting Information, Figure
S2). The splines showed similar trends in T90 and TRT90, with
an increase in the composite outcome for patients with
increased T90 or TRT90, adjusted for the same variables as
in the multivariate Cox model. For T90 and TRT90, 20 min
and 5% were the optimal cut-off thresholds, respectively.

With increasing ODI, no change in the composite outcomes
was observed. The optimal cut-off point for the meanSO2

was 94%, as shown in Figure 3.

Discussion

In the current study, we address variations in the prognostic
impact of different nocturnal hypoxic burden metrics in

Figure 2 Kaplan–Meier analysis of the survival probability of patients with hypoxic burden metrics. (A) T90, time < 90% oxygen saturation; (B) TRT90,
proportion of total recording time < 90% oxygen saturation; (C) ODI, oxygen desaturation index; (D) MeanSO2, mean oxygen saturation.
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patients with HF for the composite of cardiovascular death or
rehospitalization for worsening HF. T90 and TRT90 were
shown to be substantially and independently linked to the
composite outcome but not with ODI. T90 and TRT90 are
independent predictors of composite outcome events in
patients with HF. Moreover, a meanSO2 < 93% was associ-

ated with more composite outcome events than a
meanSO2 > 95%. In HF patients, nocturnal hypoxaemia
duration and severity, but not frequency, were independent
predictors of the composite outcome.

T90 is a reliable predictor of prognosis in HF and SDB
patients. Oldenburg et al. observed that the severity of T90

Table 4 Association of nocturnal hypoxic burden metrics with the composite outcome by Cox regression

Variable

Univariate analysis Multivariate analysisa

HR (95% CI) P value HR (95% CI) P value

T90 (85 min, per SD) 1.14 (1.05–1.24) 0.002 1.08 (0.99–1.18) 0.092
T90 (<5.0 min) Reference — Reference —

T90 (5.0–52.0 min) 1.39 (1.08–1.79) 0.011 1.32 (1.02–1.71) 0.034
T90 (>52.0 min) 1.80 (1.41–2.30) <0.001 1.56 (1.21–2.02) 0.001
TRT90 (22%, per SD) 1.18 (1.08–1.29) <0.001 1.11 (1.02–1.22) 0.018
TRT90 (<1.3%) Reference — Reference —

TRT90 (1.3–14.0%) 1.50 (1.17–1.92) 0.001 1.38 (1.07–1.78) 0.013
TRT90 (>14.0%) 1.75 (1.37–2.24) <0.001 1.51 (1.17–1.95) 0.002
ODI (15.3 events/h, per SD) 1.00 (0.91–1.10) 0.972 1.00 (0.91–1.11) 0.936
ODI (<14.5 events/h) Reference — Reference —

ODI (14.5–28.3 events/h) 1.04 (0.82–1.31) 0.767 0.99 (0.77–1.26) 0.905
ODI (>28.3 events/h) 0.97 (0.76–1.23) 0.794 0.96 (0.75–1.22) 0.716
MeanSO2 (4.6%, per SD) 0.89 (0.83–0.96) 0.001 0.90 (0.84–0.96) 0.002
MeanSO2 (>95%) Reference — Reference —

MeanSO2 (93–95%) 1.02 (0.79–1.32) 0.858 1.07 (0.82–1.38) 0.623
MeanSO2 (<93%) 1.54 (1.22–1.96) <0.001 1.47 (1.16–1.88) 0.002

CI, confidence interval; HR, hazard ratio; MeanSO2, mean oxygen saturation; ODI, oxygen desaturation index; SD, standard deviation; T90,
time < 90% oxygen saturation; TRT90, proportion of total recording time < 90% oxygen saturation.
aAdjusted for age (categorical), hypertension, blood urea nitrogen, left ventricular end-diastolic diameter, left atrial diameter, N-terminal
pro-brain natriuretic peptide, loop diuretics, angiotensin-converting enzyme inhibitors, and angiotensin receptor blockers.

Table 3 Association of T90 with the composite of cardiovascular death or worsening heart failure rehospitalization by Cox regression

Variable

Univariate analysis Multivariate analysis

HR (95% CI) P value HR (95% CI) P value

T90 (<5.0 min) Reference — Reference —

T90 (5.0–52.0 min) 1.39 (1.08–1.79) 0.011 1.32 (1.02–1.71) 0.034
T90 (>52.0 min) 1.80 (1.41–2.30) <0.001 1.56 (1.21–2.02) 0.001
Age ≥ 60 years 1.40 (1.15–1.70) 0.001 1.20 (0.98–1.47) 0.086
BMI ≥ 28 kg/m2 0.76 (0.59–0.96) 0.022 — —

NYHA III/IV 1.44 (1.08–1.92) 0.013 — —

CAD 1.21 (0.99–1.48) 0.068 — —

Hypertension 0.79 (0.65–0.96) 0.017 0.77 (0.63–0.95) 0.014
Atrial fibrillation 1.37 (1.12–1.67) 0.002 — —

BUN, mg/dL 1.06 (1.04–1.08) <0.001 1.04 (1.01–1.06) 0.002
eGFR < 60, mL/min/1.73 m2 1.48 (1.21–1.81) <0.001 — —

LAD, mm 1.03 (1.02–1.04) <0.001 1.03 (1.02–1.04) <0.001
LVEDD, mm 1.00 (0.99–1.01) 0.849 0.99 (0.98–1.00) 0.045
LnNT-proBNP, pg/mL 1.43 (1.31–1.56) <0.001 1.24 (1.12–1.36) <0.001
LVEF 0.028 —

40–49% 0.71 (0.52–0.97) 0.031 — —

≥50% 1.15 (0.91–1.45) 0.256 — —

ACEIs/ARBs 0.52 (0.43–0.64) <0.001 0.66 (0.54–0.82) <0.001
Beta-blockers 0.93 (0.66–1.33) 0.709 — —

MRAs 0.87 (0.69–1.08) 0.866 — —

Digoxin 1.00 (0.82–1.22) 0.998 — —

Loop diuretics 0.89 (0.59–1.35) 0.588 0.62 (0.41–0.95) 0.028

ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor blockers; BMI, body mass index; BUN, blood urea nitrogen;
CAD, coronary artery disease; CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; LAD, left atrial diameter;
LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; MRAs, mineralocorticoid receptor antagonists; NT-
proBNP, N-terminal pro-brain natriuretic peptide; NYHA, New York Heart Association; T90, time < 90% oxygen saturation.
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was an independent predictor of prognosis and that T90 was
connected to higher all-cause mortality in patients with sta-
ble HF.9 T90 was also a robust independent predictor of poor
outcomes in hospitalized patients with HF in our research. In
comparison with the cohort investigated by Oldenburg et al.,
the current study population was younger, had a lower BMI,
and had longer durations of hypoxaemia. This could be attrib-
uted to the research population’s higher NYHA class, heavier
fluid load, and longer circulation time.14 It is more likely that
the association between hypoxaemia and HF is bidirectional,
with fluid retention in HF promoting the development of
hypoxaemia, which in turn contributes to the progression of
HF. Furthermore, in community-dwelling older men, T90
was an independent predictor of cardiovascular mortality,

and its prognostic value was unaffected by either the pres-
ence or severity of AHI and SDB.10 The underprediction of
SDB severity by the AHI may be due to the frequency of sleep
apnoea not fully reflecting the disease burden and
hypoxaemia consequences.15

TRT90 represents the severity of the hypoxic burden and is
associated with adverse cardiovascular outcomes. The SHHS
study showed an association between sleep-related intermit-
tent hypoxaemia and all-cause mortality in younger men.16

Similarly, severe blood oxygen desaturation was indepen-
dently associated with all-cause mortality in older men in
the MrOS study.17 Combining both cohorts revealed that
hypoxic burden was a predictor of cardiovascular mortality
in adults older than age 40.11 Notably, the thresholds and

Figure 3 Restricted cubic splines of the hazard ratios (HRs) for the composite outcome among hypoxic burden metrics. (A) T90, time < 90% oxygen
saturation; (B) TRT90, proportion of total recording time < 90% oxygen saturation; (C) ODI, oxygen desaturation index; (D) MeanSO2, mean oxygen
saturation. Adjusted for age (categorical), hypertension, blood urea nitrogen, left ventricular end-diastolic diameter, left atrial diameter, N-terminal
pro-brain natriuretic peptide, loop diuretics, angiotensin-converting enzyme inhibitors, and angiotensin receptor blockers. CI, confidence interval.
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definitions of ‘hypoxic burden’ differ, as do the disease co-
horts. More prospective HF cohorts are needed to determine
the strength and prognostic value of the association of TRT90
with HF rehospitalization or cardiovascular death events.

The current research found no association between ODI
and cardiovascular mortality in hospitalized HF patients,
similar to previous findings in chronic HF.9 Although the
ODI is indicative of intermittent hypoxaemia, it does not offer
in-depth or lengthy information on hypoxic events. In
contrast, Eiichi Watanabe et al. reported that the proportion
of recorded time to 4% desaturation events was an
independent prognostic predictive predictor in 112 HF
patients with combined central sleep apnoea.18 Furthermore,
Barnabas Gellen et al. found that the number of
desaturations < 90%/h was related to adverse outcomes in
patients with HF with reduced ejection fraction.19 The ODI
and AHI were moderately correlated with T90, implying that
event frequency-based metrics may not effectively represent
the severity of the hypoxic burden.

A lower meanSO2 is associated with a higher risk of
adverse composite outcomes. This study showed that
hospitalized HF patients with a meanSO2 < 93% had a higher
risk of the composite outcome than those with a
meanSO2 > 95%. In a longitudinal cohort study of obstructive
sleep apnoea, a meanSO2 < 93% and minimal oxygen satura-
tion < 78% were associated with a 2.93-fold and 2.60-fold
risk of sudden cardiac death, respectively.20 Multiple oxygen
saturation metrics reflecting hypoxic burden are reliable pre-
dictors of sudden cardiac death.20 A 93% ≤ meanSO2 ≤ 95%
brought no increased risk of events, suggesting that a certain
threshold of hypoxaemia is required to cause adverse cardio-
vascular outcomes. A meanSO2 < 93% (HR 1.7, 95% CI: 1.3–
2.3, P < 0.001) has been linked to the highest risk of death
in chronic kidney disease patients.21

Hypoxic burden metrics due to sleep apnoea and
hypopnoea can also be increased by hypoxia–reoxygenation
effects, and other mechanisms such as pulmonary venous
congestion or pulmonary oedema, prolonged circulation
time, and subclinical lung disease may also increase the hyp-
oxic burden. The nocturnal hypoxic burden caused by apnoea
and hypopnoea may more precisely indicate the adverse ef-
fects of SDB on cardiovascular outcomes and may have risk
prediction and therapeutic implications. In one study, brain
natriuretic peptide increased by 9.6% (95% CI: 1.5–17.7%,
P = 0.02) for every 10% increase in T90 in HF patients with
reduced ejection function, but there was no relationship
between brain natriuretic peptide level and apnoea or
hypopnoea episodes.22 The current treatment for SDB
focuses on reducing nocturnal apnoea and hypopnoea and
concomitant desaturation events. The presence of daytime
central apnoea or Cheyne–Stokes respiration in patients with
HF has been associated with poor prognosis.23,24 This finding
indicates that continuous positive airway pressure targeting
nocturnal sleep apnoea is insufficient in patients with HF.

The use of AHI-guided positive airway pressure therapy to
prevent cardiovascular disease and improve survival remains
controversial.25,26 Furthermore, adaptive servo-ventilation in-
creases cardiovascular mortality in HF patients with predom-
inantly central sleep apnoea.27

Reducing the nocturnal hypoxic burden is also a sign of the
efficacy of SDB treatment. Nocturnal oxygen supplementa-
tion reduced the AHI in obstructive sleep apnoea by a mean
of 17.9 events/h and significantly improved oxygen satura-
tion and T90, even though there was no change in subjective
sleep quality or cognitive performance.28 In addition, in pa-
tients with HF and Cheyne–Stokes breathing, nocturnal oxy-
gen therapy improves not only sympathetic activation but
also sleep,29 cognitive function, and exercise tolerance.30 In
the CHF-HOT trial, nocturnal low-flow oxygen improved the
AHI, nocturnal hypoxaemia, left ventricular ejection fraction,
and quality of life in HF patients with SDB.31 These findings
imply that nocturnal oxygen therapy may be an alternative
treatment to positive-pressure ventilation.

The role of oxygen therapy in acute HF is controversial.12,32

Oxygen therapy does not improve in-hospital mortality in
acute HF patients without hypoxaemia.33 The use of
hyperoxia in patients with HF increases systemic vascular
resistance, left ventricular filling pressure, and the impact of
cardiac relaxation and cardiac output.34,35 Nocturnal oxygen
therapy treats SDB associated with HF, and clinical trial
researchers are studying its effect on mortality and cardiovas-
cular outcomes.12 Moreover, buspirone and transvenous
nerve stimulation effectively treat central sleep apnoea and
hypoxaemia.36–38 These novel therapeutic approaches may
become new options for the treatment of HF in patients with
SDB.

Limitations

In this prospective cohort study, we first evaluated the impact
of different nocturnal hypoxic burden indicators on the prog-
nosis of hospitalized patients with HF. Our participants were
from the most prestigious cardiovascular hospital in Asia, and
most HF patients were tertiary referrals from all over the
country. The patient’s symptoms were severe and complex,
and the findings of our research may not be generalizable
to other populations. Second, we did not analyse the
composition of the hypoxic burden, and the features of the
hypoxic burden may vary among patients with different types
of sleep apnoea. We also did not assess the degree of
daytime hypoxaemia in HF patients. Third, T90 may be in-
creased due to episodes of hypoxia–reoxygenation, apnoea
and hypopnoea events, pulmonary venous congestion, or
pulmonary oedema and for longer periods due to other
mechanisms of hypoxaemia. Fourth, we did not exclude or
record which patients received hypoxaemia-related therapy
following discharge. Finally, due to the limitations of the
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observational study design, unknown potentially confounding
factors may influence the study’s results, even after adjusting
for demographics, comorbidities, and medications.

Conclusions

In conclusion, we found that different metrics of nocturnal
hypoxic burden have different prognostic values in HF pa-
tients. The duration and severity but not frequency of noctur-
nal hypoxaemia can be used to better assess the prognosis of
HF patients with SDB. The nocturnal hypoxic burden metrics
T90 and TRT90 are independent predictors of the composite
of cardiovascular death or readmission for worsening HF in
HF patients. Considering the high prevalence of SDB among
HF patients, the degree of nocturnal hypoxic burden should
be of concern. Screening for SDB and assessing the nocturnal
hypoxic burden should be part of the management of
patients with HF. Further prospective randomized controlled
trials are necessary to determine whether minimizing the
nocturnal hypoxic burden improves clinical outcomes in HF
patients.
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