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ABSTRACT
Study Objectives: Single-night polysomnography assumes stable sleep apnoea (SA) severity; night-to-night variability may 
identify clinically relevant phenotypes, particularly in women. Sex/gender-specific longitudinal phenotypes were characterised 
using device-detected respiratory disturbance index (RDI) and an instability metric independent of mean severity.
Methods: Pacemaker patients in the prospective ACaSA study with at least 180 valid nightly RDI measurements after a 30-day 
post-implant period were analysed. Severity was summarised by mean RDI. Variability was summarised by an Instability Index 
(residual from the log–log regression of RDI standard deviation on mean RDI). Phenotypes were defined by mean RDI (< 20 vs. 
≥ 20 events/h) and instability (above vs. below median).
Results: About 37,260 nights from 207 patients (median age 76 years, IQR [69–81]) were analysed. Four phenotypes were iden-
tified: Mild-Stable (n = 68), Mild-Unstable (n = 67), Severe-Stable (n = 35), and Severe-Unstable (n = 37). Women comprised 37.7% 
of the total cohort and they were disproportionately overrepresented in the Mild-Unstable versus in the Mild-Stable phenotype 
(61.2% vs. 33.8%; p = 0.002). Among patients with mean RDI < 20 (n = 135), female sex/gender (adjusted OR 3.38, 95% CI 1.60–
7.40; p = 0.002) and obesity (BMI ≥ 30 kg/m2; adjusted OR 3.80, 95% CI 1.31–12.53; p = 0.019) were independent predictors of the 
Mild-Unstable phenotype. Mild-Unstable had more severe-range nights (RDI ≥ 20/h) than Mild-Stable (7.8% vs. 2.2%; p < 0.001). 
Severe-Unstable recorded RDI < 20/h on 33.9% of nights versus 13.9% in Severe-Stable (p < 0.001).
Conclusion: Night-to-night variability identifies longitudinal SA phenotypes not captured by mean RDI. A female- and obesity-
predominant Mild-Unstable phenotype shows intermittent severe-range nights despite low average burden, while instability in 
severe SA increases the likelihood of underestimating severity when classification is based on a single-night test.
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1   |   Introduction

Sleep apnoea (SA) is a highly prevalent sleep disorder associated 
with substantial cardiovascular, metabolic, and neurocognitive 
morbidity, including obesity, hypertension, diabetes and cogni-
tive impairment [1, 2]. Despite its clinical importance, diagnosis 
and severity classification remain largely based on a single-night 
polysomnographic assessment. This cross-sectional approach 
implicitly assumes that apnoea severity is stable over time—an 
assumption that is increasingly questioned by evidence demon-
strating marked night-to-night variability in apnoea–hypopnoea 
index (AHI) or respiratory disturbance index (RDI) measure-
ments [3].

Physiological factors such as sleep architecture, body position, 
alcohol intake, and nasal obstruction can vary between nights 
and contribute to fluctuations in AHI/RDI [3–6]. A growing 
body of literature demonstrates that such variability can lead to 
clinically meaningful misclassification when diagnosis is based 
on a single night, particularly in individuals with borderline or 
moderate disease severity [3, 7]. However, most prior studies rely 
on short-term repeat polysomnography or limited home sleep 
testing and therefore do not capture long-term disease dynamics 
under real-world conditions.

Sex/gender differences further complicate the diagnostic land-
scape. Women with symptoms of sleep-disordered breathing 
are less likely to be diagnosed and treated for sleep apnoea than 
men [8]. Rather than presenting with classic symptoms such as 
loud snoring and excessive daytime sleepiness, women more 
frequently report fatigue, insomnia, mood disturbance and 
morning headache [8–10]. At comparable AHI values, women 
often experience greater symptom burden and impaired qual-
ity of life [9, 10]. From a pathophysiological perspective, women 
more commonly exhibit REM-predominant or positional sleep 
apnoea, phenotypes that may amplify night-to-night variability 
and reduce the reliability of single-night severity assessment [4]. 
Despite these recognised differences, sex/gender-specific longi-
tudinal patterns of sleep apnoea severity and variability remain 
poorly characterised.

Capturing these temporal dynamics requires repeated measure-
ments beyond a single-night study. Recent advances in implant-
able cardiac devices permit continuous, long-term monitoring 
of respiratory disturbance using thoracic impedance-based al-
gorithms. Although not a replacement for polysomnography, 
these systems enable observation of sleep apnoea behaviour 
across hundreds of nights under unconstrained, real-world con-
ditions. Device-detected RDI has shown reasonable agreement 
with polysomnography for identifying severe sleep apnoea, as 
shown in the DREAM European study [11]. Such longitudinal 
data provide an opportunity to move beyond static severity clas-
sification toward phenotyping approaches that incorporate tem-
poral dynamics.

In this study, long-term device-detected RDI data from patients 
enrolled in the prospective ACaSA study were used to develop a 
longitudinal phenotyping framework integrating both mean dis-
ease severity and night-to-night instability. It was hypothesised 
that (1) longitudinal analysis would identify clinically distinct 
sleep apnoea phenotypes not captured by average severity alone, 
and (2) instability would represent a defining feature of sleep 
apnoea expression in women, contributing to under-recognition 
when conventional single-night diagnostic approaches are 
applied.

2   |   Methods

2.1   |   Study Cohort

Patients enrolled in the prospective observational ACaSA study 
(NCT05127720) and implanted with a Microport BOREA DR 
or TEO DR pacemaker formed the analysis cohort. Participants 
were recruited at the Medical University Innsbruck after in-
formed consent, and the protocol was approved by the local 
Ethics Committee (EK No.: 1322/2020). We included patients 
with at least 180 valid nightly RDI measurements after a 30-day 
post-implant stabilisation period. For each patient, the first 180 
valid nights following this stabilisation period were included in 
the analysis (Figure 1).

FIGURE 1    |    Consort diagram.
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2.2   |   Data Collection

Device-detected sleep apnoea (DDSA) was defined by the device-
measured RDI. The respiratory disturbance index (RDI) was mea-
sured from midnight to 5 o'clock in the morning, using thoracic 
impedance monitoring the patient's respiratory effort. The sleep 
apnoea algorithm in Microport pacemakers counts an apnoea 
event in the absence of a significant respiratory cycle for > 10 s and 
a hypopnoea event upon a sustained (> 10 s) reduction of the re-
spiratory amplitude by at least 50% compared to the mean minute 
ventilation of preceding validated respiratory cycles. The RDI cor-
relates with the apnoea-hypopnoea index (AHI) measured by poly-
somnography; an optimal cutoff value for detecting severe SA was 
found to be RDI > 20/h in the DREAM study [11]. Additionally, the 
measurements are labelled as invalid by the pacemaker software 
and not included in the analysis if there are more than 400 unsta-
ble or noisy signals per hour (due to movements while sleeping or 
active periods of the patients).

Because the device algorithm automatically invalidates and 
excludes nights with excessive signal noise (e.g., due to patient 
movement), the 180 valid nights were not strictly consecutive. 
In our cohort, the median chronological time required to accu-
mulate 180 valid RDI measurements was 201 days (interquartile 
range: 189–224 days).

Baseline clinical data included demographics, comorbidities, 
medication use, laboratory parameters (including NT-proBNP), 
echocardiographic measurements, and pulmonary function 
testing collected at study enrollment.

Demographic data, including sex/gender, were retrospectively 
extracted from routine administrative electronic health records 
collected at the time of study inclusion. Operationally, this vari-
able was recorded strictly as a binary administrative category 
(female/male).

2.3   |   Longitudinal Feature Engineering

Two complementary dimensions of sleep apnoea behaviour were 
quantified over the 180-night window:

Severity (Mean RDI): calculated as the mean of nightly RDI 
values for each patient.

Instability (Instability Index): night-to-night variability was 
initially quantified as the standard deviation (SD) of nightly RDI 
values. However, SD alone was not used as the final instability 
metric because patients with higher mean RDI inherently exhibit 
higher absolute variability (Spearman's ρ = 0.86, p < 0.001) even 
without disproportionate night-to-night instability. The coefficient 
of variation (SD/mean) was also not used because in our cohort the 
relationship between mean RDI and SD was nonlinear; dividing 
by the mean would therefore have disproportionately inflated vari-
ability estimates in patients with lower mean RDI values.

Because variability scaled nonlinearly with average severity, we 
modelled the relationship between SD and mean RDI using log–
log regression to linearise the data and stabilise the variance. The 
appropriateness of this transformation was formally assessed: 

homoscedasticity was confirmed using the Breusch–Pagan test 
(p = 0.875), demonstrating that the transformation successfully 
decoupled variance from mean severity, while visual inspection 
of residual plots confirmed a linear overall fit (R2 ≈0.80). The 
Instability Index was defined as the residual from this regres-
sion (Figure 2), representing whether a patient's variability was 
greater or lower than expected based on average severity.

An equal-length observation window of 180 nights was used to 
avoid bias from unequal follow-up and to ensure comparability 
across participants. A median split was applied to create bal-
anced groups for interpretability; continuous and quartile-based 
analyses were performed as sensitivity analyses.

2.4   |   Phenotype Classification

Patients were classified into longitudinal sleep apnoea pheno-
types using a two-dimensional framework incorporating average 
disease severity and night-to-night instability, both derived from 
the 180-night observation window. Severity was defined by mean 
nightly RDI and dichotomised at 20 events/h (mild: < 20; severe: 
≥ 20), consistent with prior validation of device-detected RDI for 
identifying severe sleep apnoea (9). Instability was defined by the 
Instability Index (residual from the cohort-level log–log regression 
of SD on mean RDI) and dichotomised at the cohort median to 
yield balanced groups. Combining severity and instability created 
four phenotypes: Mild-Stable, Mild-Unstable, Severe-Stable, and 
Severe-Unstable.

2.5   |   Statistical Analysis

Baseline characteristics were compared using Fisher's exact test 
for categorical variables and Wilcoxon rank-sum tests for con-
tinuous variables. Primary comparisons were performed within 
severity strata (Stable vs. Unstable within the Mild group; Stable 
vs. Unstable within the Severe group).

To evaluate whether the sex/gender-association with instability 
persisted after accounting for potential confounding, we con-
ducted a multivariable logistic regression restricted to patients 
with mild disease (Mean RDI < 20 events/h). The dependent 
variable was Unstable phenotype membership (Mild-Unstable vs. 
Mild-Stable). Covariates were selected a priori based on biological 
plausibility and clinical relevance: sex, age, obesity (BMI ≥ 30 kg/
m2), heart failure, arterial hypertension and diabetes. Results are 
reported as odds ratios (OR) with 95% confidence intervals (CI).

Sensitivity analyses repeated phenotyping across observation 
windows ranging from 90 to 365 nights to evaluate robust-
ness. To evaluate potential confounding by atrial fibrillation 
on respiratory sensing, sensitivity analyses were repeated re-
stricting the dataset to nights with 0% device-detected AF bur-
den and excluding patients with single chamber (VVI) devices 
lacking atrial sensing.

To validate the Instability Index, sensitivity analyses were 
performed treating instability as a continuous variable (per 
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standard deviation increase) and categorising patients by quar-
tiles rather than the median. The appropriateness of the log–
log transformation was assessed using residual plots and the 
Breusch–Pagan test.

Analyses were performed using R version 4.5.1. A p < 0.05 was 
considered significant.

3   |   Results

3.1   |   Cohort Characteristics

Of 283 enrolled patients, a total of 207 patients met the inclusion 
criteria for the analysis (Figure 1). The median age was 76 years, 
and 37.7% were women. Across individuals, mean RDI and RDI 
SD showed a nonlinear relationship (Figure 2). Overall, women 
(n = 78) had lower mean RDI (11.4 [8.0–16.7] vs. 16.8 [12.1–26.2] 
events/h in men (n = 129); p < 0.001) but higher Instability Index 
(0.1 [−0.1–0.2] vs. −0.1 [−0.2–0.2]; p = 0.017). Baseline charac-
teristics by sex/gender are summarised in Table 1.

3.2   |   Longitudinal Phenotypes Defined by Severity 
and Instability

Using the combined framework of Mean RDI and Instability 
Index, four longitudinal phenotypes were identified (Figure 3A): 
Mild-Stable (n = 68), Mild-Unstable (n = 67), Severe-Stable 
(n = 35), and Severe-Unstable (n = 37). Notably, patients with 

similar mean RDI values frequently exhibited distinct longi-
tudinal patterns, indicating that average severity alone did not 
capture disease dynamics. These phenotype-specific tempo-
ral patterns are illustrated in representative patient heatmaps 
(Figure 4), which highlight the stable low-burden profile of Mild-
Stable, the intermittent ‘speckled’ pattern of Mild-Unstable, the 
persistently high-burden profile of Severe-Stable, and the fluctu-
ating high-to-mild pattern of Severe-Unstable.

3.3   |   Sex/Gender-Specific Distribution 
of Phenotypes

Women were significantly overrepresented in the Mild-Unstable 
phenotype. They comprised 61.2% of Mild-Unstable patients 
compared with 33.8% of Mild-Stable patients (p = 0.002; Table 2, 
Figure 3B). In contrast, severe phenotypes were predominantly 
male, and sex/gender distribution did not differ significantly 
between Severe-Stable and Severe-Unstable groups (p = 0.768). 
Baseline medication use was comparable across these four dis-
tinct groups (Table S3). Sensitivity analyses demonstrated that 
the association between female sex and instability was consis-
tent across observation windows exceeding 90 nights (Table S1).

3.4   |   Multivariable Predictors of Instability in 
Mild Disease

To assess whether the observed sex/gender-associated insta-
bility could be explained by differences in age, adiposity, or 

FIGURE 2    |    Derivation of the instability index. Log–log regression of RDI standard deviation (y-axis) versus mean RDI (x-axis). The dashed line 
represents the expected variability for a given severity (R2 ≈0.8). The instability index is defined as the residual (vertical distance) from this line. 
Patients above the line (positive residuals, orange) are classified as ‘Unstable’, while those below (blue) are ‘Stable’.
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comorbidities, we performed a multivariable logistic regres-
sion restricted to patients with mild mean severity (Mean RDI 
< 20 events/h; n = 135). In this expanded model, female sex/
gender remained a strong independent predictor of being clas-
sified as Mild-Unstable (adjusted OR 3.38, 95% CI 1.60–7.40; 
p = 0.002).

We also identified obesity (BMI ≥ 30 kg/m2) as a second, inde-
pendent driver of instability (adjusted OR 3.80, 95% CI 1.31–
12.53; p = 0.019). Age retained a borderline association (OR 
1.27 per 5 years; p = 0.049). Importantly, other cardiovascular 
comorbidities including heart failure, arterial hypertension and 
diabetes were not significantly associated with the unstable 

TABLE 1    |    Baseline clinical characteristics by sex/gender.

Category Characteristics Overall (N = 207) Men (n = 129) Women (n = 78) p

Demographics Age, years 76 [69–81] 76 [70–81] 75 [69–81] 0.464

BMI, kg/m2 25.7 [22.8–28.4] 26.2 [23.8–28.4] 23.8 [21.3–28.6] 0.018

Device indication SSS 114 (56.2%) 68 (54.0%) 46 (59.7%) 0.467

AVB II (Wenckebach) 4 (2.0%) 4 (3.2%) 0 (0.0%) 0.300

AVB II (Mobitz) 23 (11.3%) 10 (7.9%) 13 (16.9%) 0.067

AVB III 46 (22.7%) 30 (23.8%) 16 (20.8%) 0.730

Bradyarrhythmia 16 (7.9%) 14 (11.1%) 2 (2.6%) 0.032

Comorbidities Arterial hypertension 136 (66.3%) 89 (70.1%) 47 (60.3%) 0.172

Diabetes mellitus 56 (27.2%) 39 (30.5%) 17 (21.8%) 0.199

AF history 98 (47.3%) 63 (48.8%) 35 (44.9%) 0.667

CAD 72 (35.0%) 54 (42.2%) 18 (23.1%) 0.007

Previous MI 18 (8.7%) 12 (9.4%) 6 (7.7%) 0.802

Medications Beta blocker 61 (29.5%) 32 (24.8%) 29 (37.2%) 0.062

Amiodarone 5 (2.4%) 3 (2.3%) 2 (2.6%) 1.000

Flecainide 4 (1.9%) 3 (2.3%) 1 (1.3%) 1.000

Digitalis 5 (2.4%) 4 (3.1%) 1 (1.3%) 0.652

CCB 46 (22.2%) 30 (23.3%) 16 (20.5%) 0.731

Statin 124 (59.9%) 82 (63.6%) 42 (53.8%) 0.189

Loop diuretic 33 (15.9%) 15 (11.6%) 18 (23.1%) 0.033

HCT 46 (22.2%) 30 (23.3%) 16 (20.5%) 0.731

MRA 24 (11.6%) 18 (14.0%) 6 (7.7%) 0.188

ACE inhibitor or ARB 111 (53.6%) 72 (55.8%) 39 (50.0%) 0.473

Aspirin 62 (30.0%) 42 (32.6%) 20 (25.6%) 0.348

NOAC 84 (40.6%) 55 (42.6%) 29 (37.2%) 0.468

Clinical parameters LVEF, % 58.0 [53.5–63.2] 57.5 [53.3–63.0] 58.3 [54.1–63.6] 0.326

NT-proBNP (ng/L) 359 [141–796] 352 [125–686] 391 [156–1036] 0.350

LDL cholesterol (mg/dL) 83.5 [62.0–121.8] 80.0 [60.8–111.0] 93.5 [63.2–132.8] 0.079

FEV1/FVC z-score 0.3 [−0.4–0.8] 0.3 [−0.3–0.8] 0.3 [−0.5–0.9] 0.865

Sleep apnoea Mean RDI (180-day) 15.2 [9.5–24.0] 16.8 [12.1–26.2] 11.4 [8.0–16.7] < 0.001

Instability Index 0.0 [−0.2–0.2] −0.1 [−0.2–0.2] 0.1 [−0.1–0.2] 0.017

Note: Data are median [IQR] or n (%). p-values compare men versus women using Wilcoxon rank-sum tests for continuous variables and Fisher's exact tests for 
categorical variables. Significant associations (p < 0.05) are highlighted in bold.
Abbreviations: ACE/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; AF, atrial fibrillation; AVB, atrioventricular block; BMI, body mass 
index; CAD, coronary artery disease; CCB, calcium channel blocker; FEV1/FVC, forced expiratory volume in 1 s/forced vital capacity; HCT, hydrochlorothiazide; IQR, 
interquartile range; LDL, low density lipoprotein; LVEF, left ventricular ejection fraction; MI, myocardial infarction; MRA, mineralocorticoid receptor antagonist; 
NOAC, non-vitamin K antagonist oral anticoagulant; NT-proBNP, N-terminal pro-B-type natriuretic peptide; RDI, Respiratory Disturbance Index; SSS, sick sinus 
syndrome.
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phenotype (Table  3). Conversely, in the severe disease cohort 
(n = 72), neither female sex (p = 0.701) nor obesity (p = 0.982) 
predicted instability.

3.5   |   Single-Night Classification Vulnerability 
Driven by Instability

Instability was associated with marked vulnerability to single-
night severity misclassification (Table  4). In mild disease, 
Mild-Unstable patients spent a significantly greater propor-
tion of nights in the severe range (7.8% vs. 2.2% in Mild-Stable; 
p < 0.001), indicating that a low mean RDI concealed frequent 
severe-range excursions. In severe disease, instability was asso-
ciated with frequent nights below the severe threshold: Severe-
Unstable patients recorded RDI < 20 events/h on 33.9% of nights 
versus 13.9% in Severe-Stable patients (p < 0.001), indicating 
increased susceptibility to under-classification when severity is 
inferred from a single-night assessment.

3.6   |   Validation of the Instability Index

To ensure the findings were not artefacts of dichotomisa-
tion, the core relationships were re-evaluated treating the 
Instability Index as a continuous variable (Z-score). In a 
continuous multivariable linear regression model restricted 
to the mild cohort, female sex remained a robust, indepen-
dent predictor of higher instability (β = 0.43 SD units, 95% 
CI [0.10–0.77]; p = 0.012), after adjusting for age, obesity, 
and above-mentioned comorbidities. Obesity demonstrated a 
positive trend with continuous instability (β = 0.38 SD units; 
p = 0.089). Furthermore, the proportion of women showed 

a significant increasing trend across quartiles of instability 
(p-trend = 0.008), rising from 32.4% in the lowest quartile to 
54.5% and 69.7% in the upper quartiles.

The Instability Index also predicted night-to-night threshold 
crossings: in mild disease, every 1-SD increase in instability was 
associated with 1.31-fold higher odds of a night exceeding the 
severe threshold (OR 1.31, 95% CI 1.24–1.39; p < 0.001), indepen-
dent of the mean RDI.

3.7   |   Sensitivity Analysis

To confirm that the observed instability was not driven by 
atrial fibrillation or artefacts, we performed a sensitivity 
analysis restricted to confirmed sinus rhythm (nights with 
0% AF burden, excluding patients with single chamber [VVI] 
devices). The association between female sex and the Mild-
Unstable phenotype remained robust and statistically sig-
nificant across all observation windows of 90 days or longer 
(Table S2).

4   |   Discussion

In this longitudinal analysis of device-detected sleep apnoea, 
distinct phenotypes emerged when disease severity was charac-
terised jointly by mean burden and instability. This framework 
identifies clinically important heterogeneity that is not apparent 
when sleep apnoea is summarised by a single-night AHI/RDI 
or by average severity alone. The results extend prior observa-
tions of night-to-night variability by demonstrating that insta-
bility forms a reproducible dimension that stratifies patients 

FIGURE 3    |    Sex/gender-specific phenotyping. (A) Sleep apnoea phenomap: patients plotted by mean RDI (x-axis) and instability index (y-axis). 
Women (orange) significantly cluster in the ‘Mild-Unstable’ quadrant. (B) Prevalence of women: percentage of women within each phenotype. The 
‘Mild-Unstable’ group is 61.2% women, significantly higher than all other groups (p < 0.001).
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into phenotypes with markedly different vulnerability to single-
night severity misclassification [3].

A central finding of this study is the identification of a dis-
tinct Mild-Unstable phenotype, which multivariable analysis 
revealed is driven by two powerful, independent pathways: fe-
male sex/gender and obesity. Women were significantly over-
represented in this volatile phenotype, and female sex/gender 
remained a robust predictor (adjusted OR 3.38) even after ad-
justing for obesity and comorbidities. Simultaneously, obesity 

emerged as a distinct, independent driver of instability (adjusted 
OR 3.80). While obesity likely contributes to variability via an-
atomical mechanisms—such as positional dependence—the 
persistence of the female signal implies distinct non-anatomical 
mechanisms. Recent data further suggest that women may 
be more susceptible to environmental influences on sleep-
disordered breathing, which could also contribute to the greater 
night-to-night variability observed in women [10]. Because our 
study lacks hormonal assays, sleep-stage scoring, and body po-
sition data, the physiological drivers of this female-predominant 

FIGURE 4    |    Longitudinal heatmaps of example patients. Heatmaps displaying the night-to-night respiratory disturbance index (RDI) for five 
representative patients from each of the four identified phenotypes over their first 90 valid nights of monitoring. The colour scale indicates daily RDI 
severity, ranging from blue (low/healthy) to red (severe). Note the distinct ‘speckled’ pattern in the Mild-Unstable group (predominantly women), 
where nights of low burden are frequently interspersed with spikes of moderate-to-severe disease, contrasting with the consistent blue of the Mild-
Stable group. Conversely, the Severe-Unstable group shows periods of high burden interrupted by nights of mild values, illustrating vulnerability to 
under-classification when severity is inferred from single-night testing.
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instability remain speculative. However, we hypothesise that in 
our predominantly elderly cohort, postmenopausal hormonal 
changes may play a role [11]. The withdrawal of progesterone 
(a respiratory stimulant) and altered sleep architecture (lowered 
arousal threshold) could theoretically generate a ‘physiological 
instability’. This hypothesised mechanism would result in an 
intermittent disease pattern consistent with known sex-linked 
phenotypes, such as REM-predominant or positional disease 
[4, 11], and mirrors the atypical symptom profiles reported by 
women that frequently contribute to clinical under-recognition 
[8, 9, 11]. Further research incorporating full polysomnography 
is required to test these hypotheses.

The clinical relevance of instability is underscored by the mag-
nitude of diagnostic volatility. Within mild disease, instability 
identified individuals who spent substantially more nights above 
the severe threshold despite low mean RDI. This ‘hidden sever-
ity’ provides a plausible mechanism by which a single-night di-
agnostic assessment can underestimate true disease burden in 
intermittently severe patients, a limitation previously highlighted 
in studies of night-to-night variability [3]. In severe disease, the 
converse pattern was observed: Severe-Unstable patients fell below 
the severe threshold on approximately one-third of nights, indi-
cating substantial vulnerability to under-classification if severity 
were inferred from a single-night assessment performed on a low-
burden night. Together, these findings indicate that night-to-night 
variability, as captured by the Instability Index, is not simply mea-
surement noise but a clinically meaningful trait with direct impli-
cations for diagnostic reliability.

These results suggest that reliance on a single-night assessment 
may be least reliable when sleep apnoea burden is intermit-
tent. Multi-night evaluation (repeat testing or multi-night home 
sleep apnoea testing) may be most informative for symptomatic 

women with borderline/mild indices, suspected REM/posi-
tional disease, or discordant clinical suspicion and test results 
[3]. Incorporating instability metrics alongside mean severity 
could improve interpretation of sleep apnoea testing and reduce 
under-recognition in phenotypes characterised by night-to-
night fluctuation.

While our primary analysis utilised a median split for clarity, 
the relationship between instability and sex was robust to con-
tinuous modelling and quartile-based sensitivity analyses. This 
suggests that the ‘unstable’ phenotype represents a biological 
continuum rather than a discrete category created by arbitrary 
cut-points.

Several limitations should be considered. First, device-
derived RDI is a validated surrogate but has several tech-
nical limitations compared to polysomnography [12]. The 
thoracic impedance algorithm cannot reliably differentiate 
between obstructive and central sleep apnoea. Furthermore, 
because the device utilises a fixed time window (midnight 
to 05:00) rather than true sleep staging, periods of wakeful-
ness occurring within this window may be misclassified as 
sleep, potentially underestimating the true RDI. While the 
algorithm demonstrates high sensitivity (89%) and specificity 
(85%) for severe disease, accuracy may be lower in patients 
with borderline or mild sleep apnoea. It also does not provide 
arousal scoring or desaturation metrics. Second, information 
on sleep apnoea treatment and nightly adherence (e.g., pos-
itive airway pressure) was not available and may influence 
night-to-night burden. Third, the cohort consisted entirely of 
elderly pacemaker recipients (median age 76 years) with high 
rates of cardiovascular comorbidity. This demographic dif-
fers substantially from the broader, generally younger sleep 
apnoea population evaluated in primary care or sleep clinics. 

TABLE 3    |    Predictors of the unstable phenotype (univariate and multivariable).

Cohort Variable
Univariate 
OR (95% CI) p

Adjusted OR 
(95% CI) p

Mild disease (Mild-Stable vs. 
Mild-Unstable)

Women 3.35 (1.66–6.94) < 0.001 3.38 (1.60–7.40) 0.002

Obesity (BMI ≥ 30) 2.56 (1.04–6.74) 0.046 3.80 (1.31–12.53) 0.019

Age (per 5 years) 1.22 (1.00–1.52) 0.060 1.27 (1.01–1.61) 0.049

Heart failure 1.71 (0.54–5.94) 0.370 1.42 (0.40–5.41) 0.588

Hypertension 1.35 (0.67–2.76) 0.406 1.27 (0.57–2.88) 0.564

Diabetes 0.51 (0.17–1.43) 0.212 0.30 (0.08–1.02) 0.066

Severe disease (Severe-Stable vs. 
Severe-Unstable)

Women 1.29 (0.40–4.36) 0.675 1.27 (0.38–4.41) 0.701

Obesity (BMI ≥ 30) 1.35 (0.39–5.03) 0.637 1.02 (0.26–4.02) 0.982

Age (per 5 years) 0.82 (0.60–1.09) 0.180 0.79 (0.56–1.07) 0.139

Heart failure 1.25 (0.26–6.78) 0.779 1.39 (0.24–8.90) 0.711

Hypertension 1.30 (0.45–3.78) 0.629 1.72 (0.54–5.73) 0.360

Diabetes 1.03 (0.36–2.99) 0.958 1.00 (0.31–3.20) 0.993

Note: ‘Mild Disease’ refers to patients with Mean RDI < 20 events/h (n = 135); ‘Severe Disease’ refers to patients with Mean RDI ≥ 20 events/h (n = 72). The dependent 
variable is the ‘Unstable’ phenotype (vs. ‘Stable’) within each severity stratum. Adjusted odds ratios (aOR) are derived from a multivariable logistic regression model 
including all listed covariates. Obesity is defined as BMI ≥ 30 kg/m2. Significant associations (p < 0.05) are highlighted in bold.
Abbreviations: BMI, body mass index; CI, confidence interval; OR, odds ratio; RDI, respiratory disturbance index.
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Consequently, our conclusions regarding sex-specific pheno-
types and instability must be interpreted with caution, and ex-
trapolation to younger or less comorbid populations requires 
confirmation in future studies. Fourth, residual confounding 
cannot be excluded, and future work integrating sleep-stage 
information, body position, and concurrent polysomnography 
will be important to clarify physiological drivers of instability. 
The persistence of the sex–instability association in analyses 
restricted to sinus-rhythm nights argues against atrial fibril-
lation–related sensing artefact as the primary explanation 
for the observed phenotype distribution. The sinus-rhythm-
restricted analyses also reduce concern that irregular rhythm 
or mode-specific sensing properties drive the observed mean–
variance relationship. Together, these sensitivity analyses 
support that instability reflects a patient-level feature rather 
than a device- or rhythm-dependent artefact. Finally, regard-
ing the operational definition of our demographic variables, 
sex/gender was acquired retrospectively as a binary adminis-
trative variable from electronic health records. Consequently, 
a strict retrospective differentiation between biological sex at 
birth and self-identified gender cannot be determined. While 
we utilise the composite term ‘sex/gender’ to reflect the en-
tanglement of biological and sociocultural dimensions driv-
ing sleep apnoea phenotypes [13], the inability to distinguish 
these factors in the raw operational data remains a limitation.

In summary, longitudinal profiling based on mean severity and 
instability identifies sleep apnoea phenotypes with strong sex/gen-
der differences. A female and obesity-predominant Mild-Unstable 
phenotype is characterised by frequent severe-night excursions 
despite low average burden, while instability in severe disease 
increases vulnerability to under-classification when severity is in-
ferred from single-night severity assessment. These findings sup-
port consideration of longitudinal assessment strategies for sleep 
apnoea, particularly in patient groups where intermittency may 
undermine cross-sectional diagnostic approaches.

5   |   Conclusion

Night-to-night variability in SA identifies a female- and obesity-
predominant Mild-Unstable phenotype characterised by sub-
stantial hidden disease burden. Night-to-night variability in 
severe SA also poses a diagnostic challenge by increasing sus-
ceptibility to under-classification. Recognising these specific 
volatility patterns could be critical for moving beyond single-
night diagnostics and ensuring equitable care for patients with 
intermittent, yet clinically significant, sleep apnoea.
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