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Study Objectives: To assess sex-related differences in the relationship between hypertension (HT), blood pressure (BP), and sleep apnea in the
general population.
Methods:Weperformed homepolygraphy in a cohort of 1809men andwomen in the general population. OfficeBPwasmeasured. Presence of HT (drug-treated,
physician-diagnosed, or high BP during study visit) was also recorded. HT rate and BP were assessed over a range of 7 sleep apnea severity categories based
on the respiratory event index (REI).
Results: The age-adjusted HT prevalence rate increased with higher REI in both sexes. After additional adjustment for obesity the association remained
significant in women but not in men. In participants not treated with antihypertensivemedications, age-adjusted BP increased with REI. Remarkably, the association
was already significant within the normal range (REI < 5 events/h). TheREI threshold for higher BPwas situated at a distinctly lower cutoff point in women compared
to men. After additional adjustment for obesity, the associations remained significant for diastolic but not systolic BP.
Conclusions: Significant increases in the age-adjusted BP and HT rate in the general population were present at lower REI cutoffs in women compared to men.
Even a very low number of respiratory events was associated with higher BP andHT prevalence. Adjustment for obesity attenuated these associations, especially in
men. Sex differences in BP susceptibility across the sleep apnea spectrum may be present.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Although sleep apnea and hypertension have been linked, little is known about sex differences. It is unknown
how much sleep apnea is needed to develop high(er) blood pressure. We aimed to assess the relationships between sleep apnea, hypertension, and
blood pressure in the general population.
Study Impact: There was an age-adjusted graded association of higher blood pressure and hypertension prevalence with increasing respiratory event
index in both sexes, even within the normal range of respiratory event index. Additional adjustment for obesity attenuated these associations, especially in
men. The graded associations were dissimilar between men and women, suggesting different susceptibility.

INTRODUCTION

Sleep apnea (SA) and arterial hypertension (HT), both prevalent
conditions, are closely linked. Potential pathophysiological
mechanisms are related to repetitive episodes of intermittent
hypoxemia in SA, provoking sympathetic nervous system ac-
tivation, negative intrathoracic pressure surges, oxidative
stress, and inflammatory and metabolic responses, eventually
resulting in endothelial dysfunction, increased arterial stiffness,
and high blood pressure (BP).1 Despite accumulating evidence
for causality in the relationship between SA and HT, the role of
confounding factors such as obesity, age, and sex remains
unclear. Cross-sectional data from community-based and
clinical populations have indicated that SA is a risk factor for
HT.2–8 Most reports focused on moderate to severe SA, with an

apnea-hypopnea index (AHI; in case of polysomnography
registration), or a respiratory event index [REI; in case of home
polygraphy (PG) recording] exceeding 15, 20, or 30 respiratory
events per hour of sleep or per hour of recording time, re-
spectively. Until now, it remained unclear whether mild SA is
independently associated with high BP. A research statement
report of the American Thoracic Society stated that there is
insufficient evidence for an independent correlation of mild
SA with HT after adjustment for confounding variables.9

The same conclusion was made in a review paper on mild SA
and its associated cardiovascular risks.10 In contrast, recent data
from the European Sleep Apnea Database (ESADA) demon-
strated a graded relationship of SA and HT in a sleep clinic
population that was already significant below the threshold of
15 events per hour.6 Surprisingly, most data were not analyzed
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in a sex-stratifiedmanner and, if so, the results from female study
participants haveoftenbeenunderreported.11 In the last fewyears
it became clear that the clinical profile of SA is different in
women compared to men.12–15 It has been stated that women
may be more vulnerable to SA-related cardiovascular com-
plications thanmen.16–18 Little is known about sex differences in
the association of mild SA and BP in the general population.

In the present community-based cohort study,we specifically
aimed to investigate the relationship of an increasing exposure
of respiratory events during sleep and systolic and diastolic BP
and the prevalence of HT, unbiased by—and exploring
beyond—the conventional AHI cutoff points. We assessed the
“dose-response” relationships between REI and HT rate, and
between REI and BP, differentiated for sex and adjusted for
age and obesity.

METHODS

Study design and population
The study was conducted in the second measurement round
(2011–2016) of the Asklepios cohort, an ongoing community-
based cohort studywith the focus on cardiovascular disease.19,20

In brief, the study focused on arterial ageing (arterial stiffness
and atherosclerosis), early cardiac changes in systolic and di-
astolic function, and ventriculo-arterial function with a goal of
better understanding the development of cardiovascular disease
and ultimately help underpin better prevention strategies. The
Asklepios population consisted of 2205 eligible study partic-
ipants aged 44–75 years (52.3% women) from 2 Belgian
communities, who were not diagnosed with or treated for SA.
During the initial study visit, each volunteer underwent clinical
assessment and was offered home PG. The study was approved
by the Ethics Committee of the Ghent University Hospital. All
participants gave written informed consent. Additional details
on the study protocol were published earlier.20,21

Clinical assessments
All study participants underwent a standardized examination at
the study center.20 We collected the personal and primary care
physician–validated medical and treatment history, demo-
graphic data and lifestyle habits, and study questionnaires.
Medication was classified according to the Anatomical Ther-
apeutic Chemical Classification System of drugs.22 We mea-
sured height, weight, and circumference of waist, hip, and neck.
The body mass index (BMI, kg/m2) was calculated fromweight
and height. Obesity was defined as a BMI ≥ 30 kg/m2.

Blood pressure and hypertension
BP was measured in the upright sitting position using a suitable
cuff, after 10–15 minutes rest in a temperature-controlled en-
vironment (Omron HEM-907; Kyoto, Japan). The mean value
both arms, each consisting of 3 measurements with 1-minute
intervals was used.19 Systolic and diastolic BP were studied as
continuous variables in our data analysis. Arterial HT was
defined as ongoing treatment with antihypertensive drugs,
currently having physician-diagnosed HT in medical record,
having an average systolic BP (SBP) ≥ 140mmHg or a diastolic

BP (DBP) ≥ 90 mmHg, or a combination thereof. HT was used
as a dichotomous variable in our data analysis.

Home polygraphy
Each volunteerwas invited for home sleep testing duringone night
with the ApneaLink PlusTM (ResMed, San Diego, CA), a level 3
cardiorespiratory recording device. Respiratory events were
manually scored according to the American Academy of Sleep
Medicine criteria. An apnea was defined as a 90% airflow re-
duction for at least 10 seconds.Apneaswith preserved respiratory
effort were scored as obstructive apneas, whereas central apneas
were scored if respiratory effort was absent. A hypopnea was
defined as an airflow reduction of at least 30% with an associated
≥4%oxygen desaturation.23 Becausewe used homePGwithout
electroencephalogram recordings, we denominated the number
of apneas and hypopneas per hour evaluation time as “respiratory
event index” (REI), rather than apnea-hypopnea index (AHI).
Additional details on the procedures were published before.20

Other assessments
We collected venous blood samples after 8 hours of fasting and
at least 6 hours of smoking abstinence. We defined type 2 di-
abetes as fasting blood glucose ≥ 126 mg/dL or the use of blood
glucoselowering– medication. The Epworth Sleepiness Scale
(ESS), providing information on self-reported sleepiness, was
administered.24 A total ESS score greater than 10 was con-
sidered to be consistent with daytime sleepiness.

Statistical analysis
We examined the association between the REI and HT rate on
the one hand, and systolic and diastolic BP values on the other.
We createdREI categories based on the observed distribution in
the overall study population, resulting in 7 groups of approx-
imately the same size (septiles). The conventional clinical REI
cutoff points (5 events/h for mild and 15 events/h for moderate
SA) were considered in the categorization: REI = 0 events/h,
REI =1 event/h,REI=2 events/h,REI=3or 4 events/h,REI 5–7
events/h, REI 8–14 events/h, and REI ≥ 15 events/h. All sub-
sequent analyses were sex-stratified. Significance was set at the
.05 level. Chi-square tests were used to compare proportions.
Analysis of variance or Kruskal-Wallis test were used to
compare continuous variables. Logistic regression analysis was
performed to calculate the age-adjusted and age- and obesity-
adjusted odds ratios with 95% confidence interval of having HT
by REI category (reference category REI = 0 events/h). In
participants who were not treated with antihypertensive drugs,
we used linear regression models to assess the estimated
marginals means of the systolic and diastolic BP in each REI
category. As for the logistic regression analyses, the linear
models were adjusted for age alone, and for age and obesity.We
used SPSS Statistics version 26 (IBM Corp, Armonk, NY).

RESULTS

Study participants
Of 2205 eligible participants, 133 had no available recordings
(declined, intolerance, or other reasons) and in 263 the recordings
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were below strict predefined quality criteria.20 Included in the
analysis were 1809 participants (82% of eligible) (Figure 1).
The study population was almost exclusively Caucasian. The
mean agewas 56.0 ± 5.9 years (Table 1). Both sexes had similar
age. Women had a significantly lower BMI compared to men.
An REI below 15 events/h was seen in more than 80%men and
more than 90% of women. The men/women ratio for the
prevalence of moderate to severe SA (defined as a REI ≥
15 events/h) was approximately 3:1. Systolic and diastolic BP
were higher in men, as was HT prevalence.

Clinical associations of increasing REI
Increasing REI was associated with older age, higher BMI, and
more obesity (Table 2 and Table 3). The prevalence of type 2
diabetes mellitus also increased with increasing REI. As pre-
viously published, we found no difference in self-reported
sleepiness between SA severity categories in our general
population cohort.20 Considering lifestyle, there was no dif-
ference in smoking habits. Weekly alcohol intake was the same
amongREI groups inwomen,whereas inmen itwas higherwith
increasing REI category.

Figure 1—Flow diagram of the study cohort.

HP = home polygraphy, REI = respiratory event index.

Table 1—Baseline descriptive characteristics of the study participants, comparison between men and women.

Variable Total Group
(n = 1,809)

Men
(n = 862, 47.7%)

Women
(n = 947, 52.3%)

P
Value*

Age and body size

Age (years) 56.0 ± 5.9 56.1 ± 5.9 55.9 ± 5 .9 .505

BMI (kg/m2) 26.8 ± 4.6 27.5 ± 4.1 26.1 ± 4.8 < .001

Obesity (%)† 20.6 23.2 18.3 < .001

Blood pressure

Systolic blood pressure (mm Hg) 130 ± 15 134 ± 14 126 ± 15 < .001

Diastolic blood pressure (mm Hg) 81 ± 10 84 ± 10 79 ± 9 < .001

Hypertension‡ (physician-diagnosed, suspected,
or drug-treated; %)

43.7 50.1 37.8 < .001

Apnea-hypopnea index (AHI)

AHI 4 (1–9) 6 (2–12) 2 (1–6) < .001

No sleep apnea (REI < 5) (%) 54.9 40.7 67.8 < .001

Mild sleep apnea (5 ≤ REI < 15) (%) 33.4 41.0 26.6 < .001

Moderate sleep apnea (15 ≤ REI < 30) (%) 8.0 11.8 4.4 < .001

Severe sleep apnea (REI ≥ 30) (%) 3.7 6.5 1.2 < .001

Data are proportions, mean ± standard deviation, or median (interquartile range). *P value: comparison between men and women. †Obesity: BMI ≥ 30 kg/m2.
‡Hypertension: physician-diagnosed, drug-treated hypertension, or systolic blood pressure ≥ 140 mmH g or diastolic blood pressure ≥ 90 mmHg during study
visit. BMI = body mass index, REI = respiratory event index.
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Blood pressure in mild sleep apnea
In both sexes, the prevalence of HT increased among the 7 REI-
based SA categories (Table 2 and Table 3). The same graded
effect was seen for SBP and DBP in a subgroup excluding study
participantswhowere currently treatedwith antihypertensivedrugs.
We repeated the analyses for SBP and DBP in the whole group
(including those with drug-treated HT), with very similar results
demonstratingagraded increaseofSBPandDBPamongREIgroups.

Adjusted associations between hypertension
and sleep apnea
Age-adjusted logistic regression analysis demonstrated a
stepwise increase in the odds ratios of having HT at different
REI cutoff points in both sexes (reference category REI 0
events/h) (Figure 2). In women, an REI of 2 events/h was al-
ready associated with an increased prevalence of HT (reference
category REI 0 events/h), whereas inmen the increased odds for
HT were situated at a higher cutoff point (REI ≥ 8 events/h,
reference category REI 0 events/h). In all REI categories, the
point estimates for HT in women exceeded those in men.
Additional adjustment for obesity attenuated the odds, which
remained significant in women at the same REI cutoff. In men,
the association betweenREI categories andHT lost significance
after obesity adjustment. In both models and in both sexes, age
and obesity were associated with HT.

Adjusted associations between blood pressure
and sleep apnea
Table 4 and Table 5 list the age-adjusted and the age- and
obesity-adjusted estimated marginal means of BP across

REI categories. The age-adjusted linear regression analysis
showed a significant increase in BP with increasing REI
in both sexes, except for SBP in men (P-value = .050). Re-
markably, the BP increase was already significant at REI
thresholds far below the normal cutoff of 5 events/h. After
additional adjustment for obesity, DBP was independently
associatedwithREI in both sexes. SBPwasno longer significant
in men, and borderline significant in women. The age- and
obesity-adjusted estimates of SBPwere 6 and 5mmHghigher in
the highest SA category (reference category lowest REI group)
in women and men, respectively, and the difference in DBP
between the lowest and highest REI group was 8mmHg in both
sexes. Visual inspection suggested a linear trend in men, but a
cubic trend in women. Curve-fitting of age- and obesity-
adjusted residuals of SBP and DBP confirmed a linear trend
inmen (P= .027 and< .001, respectively). In contrast, for SBP in
women the data did not fit a linear model (P = .547) and a cubic
model provided the best curve fitting (P = .012). For DBP in
women, a linear model was possible (P < .001), but it was
inferior to a cubic curve fitting (P < .001) (Figure S1 in the
supplemental material).

Sensitivity analyses
Adjustments for BMI instead of obesity did not substantially
change the results. Logistic and linear models with more an-
thropometric variables instead of obesity or BMI, such as neck
circumference, waist circumference, waist-to-hip ratio, or
body fat distribution were run. These adjustments provided no
additional information and had no substantial impact on the
results compared to obesity adjustment, as was seen in previous

Table 2—Cardiovascular risk factors, hypertension, and blood pressure in men, comparison between REI categories.

Men All Groups
(n = 862)

REI 0
(n = 46)

REI 1
(n = 89)

REI 2
(n = 82)

REI 3–4
(n = 134)

REI 5–7
(n = 154)

REI 8–14
(n = 199)

REI ≥ 15
(n = 158) P Value*

Cardiovascular risk factors

Age (years) 56 ± 6 54 ± 7 54 ± 6 55 ± 6 55 ± 6 56 ± 6 57 ± 6 58 ± 6 < .001

BMI (kg/m2) 27.5 ± 4.1 24.8 ± 3.2 26.0 ± 3.5 26.2 ± 3.7 26.4 ± 3.2 27.1 ± 3.3 28.0 ± 3.9 30.4 ± 4.7 < .001

Obesity† (%) 23.2 3.4 6.6 15.1 14.4 17.2 27.7 52.8 < .001

Type 2 diabetes mellitus‡ (%) 9.4 4.3 2.2 3.7 5.2 11.0 14.1 13.9 .001

Lipid-lowering drugs (%) 31.0 15.2 25.8 22.0 28.4 34.4 36.2 35.4 .022

Sleepiness§ (%) 20.5 13.0 19.5 14.8 22.1 16.4 23.0 25.8 .212

Active smoking (%) 9.6 8.7 9.0 11.0 11.2 9.1 7.0 12.0 .886

Alcohol (units/week) 15 (8–27) 8 (3–12) 11 (3–19) 8 (4–21) 12 (4–25) 12 (4–27) 13 (4–25) 16 (5–25) .004

Hypertension and blood pressure

Hypertension¶ (%) 50.1 34.8 38.2 36.6 46.3 51.9 55.8 62.7 < .001

Systolic BP (mm Hg) 134 ± 14 130 ± 14 131 ± 13 130 ± 11 134 ± 16 134 ± 14 135 ± 14 136 ± 14 .004

Diastolic BP (mm Hg) 84 ± 10 80 ± 11 81 ± 9 81 ± 10 83 ± 11 84 ± 10 84 ± 10 87 ± 9 < .001

Not drug-treated (number) 647 38 74 70 105 115 141 104

Systolic BP (mm Hg) 132 ± 14 127 ± 12 130 ± 12 129 ± 11 133 ± 15 133 ± 14 133 ± 14 135 ± 15 .025

Diastolic BP (mm Hg) 83 ± 10 78 ± 10 82 ± 8 81 ± 10 83 ± 11 84 ± 10 84 ± 10 87 ± 10 < .001

Data are number, percentage (%), mean ± standard deviation, or median (interquartile range). *P value: comparison between REI groups. †Obesity: BMI ≥
30 kg/m2. ‡Type 2 diabetes mellitus: fasting blood glucose ≥ 126 mg/dL or the use of blood glucose lowering medication. §Sleepiness: Epworth Sleepiness
Scale > 10. ¶Hypertension: drug-treated, physician-diagnosed, or systolic blood pressure ≥ 140 mm Hg or diastolic blood pressure ≥ 90 mm Hg during study
visit. BMI = body mass index, BP = blood pressure, REI = respiratory event index.
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reports.3 Moreover, “full” models in which supplementary
variables related to body composition are combined in the same
model are over-adjustments and were therefore not reported.

DISCUSSION

We investigated the relationship of sleep-related respiratory
events with HT and BP in 1809 men and women from a
community-based cohort. Half of men and more than 1 out of 3
women had HT. We found an age-adjusted graded association
of HT prevalence with increasing REI in both sexes. The
magnitude of the association between SA and HT prevalence
was small, as in previous reports.11 In participants not treated
with antihypertensive medications, office systolic and diastolic
BP were associated with a higher REI. Remarkably, the rela-
tionshipwithHTandBPwas already apparentwithin thenormal
range (REI < 5 events/h) and inmild SA (5 ≤REI < 15 events/h).
Sex differences in the association of HT and BP with SA were
seen in the adjusted analyses. First, the REI threshold for
high(er) BP was situated at a lower cutoff point in women
compared to men. Second, in the age- and obesity-adjusted
analyses HT and REI were independently associated in women
but not in men. Third, the association of BP and REI showed
a linear trend in men, whereas a cubic model proved the best
curve fitting in women.

Cross-sectional data from population-based studies have
demonstrated a dose-response association between SA and HT
prevalence after adjustment for confounders.2–4,25 The rela-
tionship between both conditions is partially or completely

explained by BMI, and the effect size of SA on HT in the ad-
justedmodels was usually small.11 TheWisconsin SleepCohort
study found a linear increase in BP with increasing AHI.2 In the
Vitoria Sleep Cohort study, SA and HT were independently
associated.4 Others, among which is the Sleep Heart Health
Study, found an independent association in men but not in
women.3,25 Data from longitudinal follow-up studies in the
general population are conflicting. In the Wisconsin Sleep
Cohort study, SAwas associatedwith increasedHT incidence,26

whereas in the Sleep Heart Health Study there was no inde-
pendent association in the overall population and in men;
however, it was significant in women.27 In the Vitoria Sleep
Cohort, HT incidence and SA were not associated, and the sex-
stratified analyses revealed no differences between men and
women.28 However, post-hoc analyses in the same cohort
showed that moderate SA was associated with incident stage 2
HT in men but not in women.29 Although the results from
community-based studies are apparently conflicting in that the
confidence intervals exceed 1 and are therefore not statistically
significant, the trend in the point estimates of these analyses is
consistent in direction and in general magnitude.3,25,27

More consistent results are seen in sleep clinic samples, in
which HT rate seems to be associated with SA severity.5,7,8,12 In
ESADA, a large European sleep-clinic database, oxygen
desaturation index but not AHI was independently associated
with HT.7 Although there is evidence for an independent dose-
response correlation of moderate-to-severe SA with HT,11

the impact of mild SA on BP remains uncertain. This was
addressed in a recent publication from ESADA, in which mild
SA, compared to nonapneic snorers, was associated with a

Table 3—Cardiovascular risk factors, hypertension, and blood pressure in women, comparison between REI categories.

Women All Groups
(n = 947)

REI 0
(n = 197)

REI 1
(n = 162)

REI 2
(n = 122)

REI 3–4
(n = 161)

REI 5–7
(n = 140)

REI 8–14
(n = 112)

REI ≥ 15
(n = 53)

P
Value*

Cardiovascular risk factors

Age (years) 56 ± 6 52 ± 5 55 ± 6 56 ± 6 57 ± 6 58 ± 5 58 ± 5 58 ± 5 < .001

BMI (kg/m2) 26.1 ± 4.8 23.5 ± 3.5 24.8 ± 3.5 25.5 ± 4.5 25.7 ± 3.7 27.8 ± 4.4 29.1 ± 6.3 31.8 ± 5.2 < .001

Obesity† (%) 18.3 1.4 7.3 7.9 14.5 29.0 38.3 72.0 < .001

Type 2 diabetes mellitus‡ (%) 4.3 1.0 1.2 2.5 6.8 4.3 8.0 15.1 < .001

Lipid-lowering drugs (%) 26.7 17.3 19.1 31.1 26.1 39.3 33.9 28.3 < .001

Sleepiness§ (%) 19.3 19.9 21.3 16.5 15.8 19.1 20.5 25.0 .749

Active smoking (%) 9.4 7.6 9.9 13.9 11.2 5.7 8.0 11.3 .318

Alcohol (units/week) 4 (0–8) 4 (0–8) 4 (1–10) 2 (0–7) 4 (0–8) 5 (0–1) 5 (0–11) 4 (1–14) .136

Hypertension and blood pressure

Hypertension¶ (%) 37.8 20.8 30.9 37.7 37.3 47.1 54.5 64.2 < .001

Systolic BP (mm Hg) 126 ± 15 121 ± 13 126 ± 15 128 ± 15 127 ± 16 128 ± 15 128 ± 15 134 ± 15 < .001

Diastolic BP (mm Hg) 79 ± 9 75 ± 9 78 ± 9 81 ± 8 79 ± 9 80 ± 9 80 ± 10 85 ± 10 < .001

Not drug-treated (number) 724 172 133 99 128 92 68 32

Systolic BP (mm Hg) 124 ± 15 120 ± 13 125 ± 15 127 ± 14 126 ± 17 125 ± 15 124 ± 14 131 ± 13 < .001

Diastolic BP (mm Hg) 78 ± 9 74 ± 8 78 ± 9 80 ± 8 79 ± 9 80 ± 10 80 ± 9 85 ± 9 .002

Data are number, percentage (%), mean ± standard deviation, or median (interquartile range). *P value: comparison between REI groups. †Obesity:
BMI ≥ 30 kg/m2. ‡Type 2 diabetes mellitus: fasting blood glucose ≥ 126 mg/dL or the use of blood glucose lowering medication. §Sleepiness: Epworth
Sleepiness Scale > 10. ¶Hypertension: drug-treated, physician-diagnosed, or systolic blood pressure ≥ 140 mm Hg or diastolic blood pressure ≥ 90 mmHg
during study visit. BMI = body mass index, BP = blood pressure, REI = respiratory event index.
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Figure 2—Adjusted odds ratios with 95% confidence intervals for hypertension by REI category.

The x-axis has a logarithmic scale. The reference category is REI 0 events/h. Age-adjusted was significant in both sexes. Age- and obesity-adjusted was
significant in women but no longer significant in men. REI = respiratory event index.

Table 4—Adjusted estimated marginal means of systolic blood pressure per REI category in men and women not treated with
antihypertensive drugs.

Age-Adjusted SBP (mm Hg) Age- and Obesity-Adjusted SBP (mm Hg)

EM Mean P Value* EM Mean P Value*

Men

REI 0 events/h 128 (123–132) 130 (125–134)

REI 1 events/h 131 (127–134) .284 132 (129–136) .361

REI 2 events/h 130 (126–133) .449 132 (128–135) .543

REI 3–4 events/h 133 (131–136) .027 135 (132–138) .044

REI 5–7 events/h 133 (131–136) .029 135 (132–138) .044

REI 8–14 events/h 133 (131–135) .033 135 (132–137) .065

REI ≥ 15 events/h 135 (132–137) .007 135 (132–138) .050

Women

REI 0 events/h 121 (119–124) 124 (122–127)

REI 1 events/h 125 (123–128) .032 128 (125–131) .041

REI 2 events/h 127 (124–130) .004 129 (126–132) .008

REI 3–4 events/h 125 (123–128) .506 128 (125–131) .038

REI 5–7 events/h 124 (121–127) .159 126 (123–129) .469

REI 8–14 events/h 123 (120–127) .402 125 (121–128) .918

REI ≥ 15 events/h 130 (125–135) .004 130 (125–135) .080

Linear regression analysis showing age-adjusted and age- and obesity-adjusted estimated marginal means with 95% confidence interval for systolic
blood pressure per REI category. Reference group: REI 0 events/h. *The overall P-values for the association with adjusted SBP for the categorical variable
REI (combining all 7 REI groups) in the multivariate model were .050 for age-adjusted and .194 for age- and obesity-adjusted SBP in men, and .024 for age
adjusted and .058 for age and obesity adjusted SBP in women. CI = confidence interval, EM mean = estimated marginal mean, REI = respiratory event index,
SBP = systolic blood pressure.
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significantly higher HT rate after adjustment for confounding
variables.6 The question remains: How much SA is needed to
increase the risk for high(er) BP? Discrepancies in published
reports may be related to differences in study population (age,
BMI, men/women ratio, life-style habits, associated cardio-
vascular risk profile), small sample size, underrepresentation of
women, variability of diagnostic methods (eg, 3% or 4%
desaturation criterion for hypopneas), and differences in AHI
categorization or cutoff points.

Although most reports were not stratified by sex, and if so,
results from female participants were often underreported,
several investigators explored sex-related differences. Some
found no differences between men and women, whereas others
report an increased propensity forHTeither inmenor inwomen.
Several authors have stated that women with SA may have
greater risk for HT and comorbid SA-related conditions
than men.16–18

Several biological, clinical, and pathophysiological aspects
of SA are influenced by sex. First, female sex hormones
may have favorable impact. It has been shown that SA prev-
alence is much lower in premenopausal women, whereas it
rises considerably after menopause, irrespective of BMI.30,31

Second, sex-related differences in sleep-related breathing can
be explained by differences in anatomical and functional fea-
tures, such as fat distribution and body composition, upper
airway structure and collapsibility, and hypoxic ventilatory
response.31,32 Third, an equal AHI does not necessarily impli-
cate the same exposure to intermittent hypoxia in men and

women. Indeed, sex differences in the characteristics of re-
spiratory events have been described. REM-related SA is more
common in women, and there are differences in event duration
and severity of desaturation.13,14 Fourth, in clinic-based samples
women tend to report different symptoms than men (with more
insomnia, mood symptoms, and fatigue).32 Women are less
likely to seek medical attention for concerns about SA, as SA is
generally regarded as a condition affecting men. As a conse-
quence, women are less likely to be diagnosed with and treated
for SA.33 This diagnostic delay may result in a longer exposure
before treatment is initiated. Finally, sex has differential effects
on the interaction of SAwith its comorbidities, as demonstrated
by a large database in which more than 1,700,000 obstructive
sleep apnea patients were compared to matched controls.12

Ischemic heart disease was more strongly associated with SA
in men, whereas HT and depression were more prominent SA
associations in women.

No unequivocal explanation for the cubic-shaped relation-
ship between REI and BP in women was found.More extensive
adjustments (including BMI, rather than obesity, estimated
glomerular filtration rate, smoking, educational achievement,
physical activity, smoking, alcohol intake, diabetes) did not
alter the cubic correlation. Several hypotheses can be put for-
ward for crossed effects resulting in a cubic model in women,
such as nonlinear BMI or age gradients between REI groups,
differences in compliance or susceptibility for therapeutic in-
terventions with higher BMI or REI, selection bias, or even
hormonal effects correlated with menopause.

Table 5—Adjusted estimated marginal means of diastolic blood pressure per REI category in men and women not treated with
antihypertensive drugs.

Age-Adjusted DBP (mm Hg) Age- and Obesity-Adjusted DBP (mm Hg)

EM Mean P Value* EM Mean P Value*

Men

REI 0 events/h 78 (75–81) 80 (76–83)

REI 1 events/h 81 (79–83) .096 83 (80–85) .141

REI 2 events/h 81 (79–83) .116 82 (80–85) .163

REI 3–4 events/h 83 (81–85) .004 85 (83–87) .009

REI 5–7 events/h 84 (83–86) < .001 86 (84–88) .001

REI 8–14 events/h 84 (83–86) < .001 86 (84–87) .001

REI ≥ 15 events/h 88 (86–89) < .001 88 (86–90) < .001

Women

REI 0 events/h 74 (73–75) 77 (75–78)

REI 1 events/h 78 (76–80) < .001 81 (79–82) < .001

REI 2 events/h 80 (78–82) < .001 82 (81–84) < .001

REI 3–4 events/h 79 (77–80) < .001 81 (79–83) < .001

REI 5–7 events/h 80 (78–82) < .001 82 (80–84) < .001

REI 8–14 events/h 80 (78–82) < .001 81 (79–83) < .001

REI ≥ 15 events/h 85 (82–88) < .001 85 (82–88) < .001

Linear regression analysis showing age-adjusted and age- and obesity-adjusted estimated marginal means with 95% confidence interval for diastolic
blood pressure per REI category. Reference group: REI 0 events/h. *The overall P values for the association with adjusted DBP for the categorical variable
REI (combining all 7 REI groups) in the multivariate model were < .001 for age adjusted and for age- and obesity-adjusted DBP in men and women. CI =
confidence interval, DBP = diastolic blood pressure, EM mean = estimated marginal mean, REI = respiratory event index.
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Our data suggest that the REI threshold associated with
increasing BP and prevalence of hypertension seems to be
situated at a lower cutoff point in women compared to men.
These results need to be interpreted with regard to the sub-
stantially lower baseline systolic and diastolic BP in women in
the population. This might explain why, in previous reports on
the relationship of SA and HT in the general population, there
was often an association in men but not in women. Indeed, in
women the absolute SBP andDBP aremore likely to be situated
below the threshold for “hypertension.” This again highlights
the importance of a sex-specific approach in the analysis and the
interpretation of clinical studies, especially in the field of SA.

Certain limitations need to be considered. First, the cross-
sectional nature of our data does not allow evaluation of cau-
sality between the associations we found. Second, although a
careful, bilateral triplicate automated office BP measurement
was used (6 measurements each with 1-minute interval) during
the study visit, a 24-hour or ambulatory home BP registration
would have been preferable. However, office BPmeasurements
have been used and validated in many studies. Data on the BP
dipping pattern during nighttime would have been interesting
though, since nocturnal nondipping BP can be an early marker
for HT in obstructive sleep apnea.34,35 The HT definition we
applied included drug-treated or physician-diagnosed HT, or
increased office BP at study visit. The latter could potentially
result in diagnostic inaccuracies in the classification of HT. We
approached this by repeating the analyses with a more limited
definition of HT without the measured office BP values. Since
these results and estimates were very similar compared to the
analyses of themore inclusiveHT classification, we believe that
imprecision was limited. Third, we used a 4-channel level 3
ambulatory PG without electroencephalogram. The REI ob-
tained from PG is usually underestimated compared to the AHI
obtained by polysomnography.36 However, the AHI, including
arousals in its definition, is a more complex and variable metric,
whereas the REI is more strongly related to the oxygen desa-
turation index, a better predictor for HT.5,7,37 In our study, the
REI was highly correlated with the 4% oxygen desaturation
index (Spearman correlation coefficient 0.939). Data from
ESADA have shown that the type of sleep study did not affect
the predictive value of the AHI on HT prevalence.7 Fourth,
although our cohort is a community-based cohort study, a se-
lection bias excluding already treated SA patients is possible.
However, our study data do not indicate such a bias. Of all
volunteerswith newlydiagnosedmoderate-to-severe SA (REI≥
15 events/h), themajority (73%) and an equal proportion ofmen
and women, had “clinically significant” SA (defined as having
either sleepiness or HT). Fifth, no data on menopausal status of
the women were available. Furthermore, as in other general
population cohorts, we did not exclude participants with central
apneas. The occurrence of central apneas could potentially
cause limited imprecision. However, central apneas were very
rare (99.5% had a central apnea index below 15 events/h).
Moreover, in the absence of electroencephalogram registra-
tion central apneas are more likely to be “over-scored” since
they often occur during wakefulness. Although the vast ma-
jority of apneas were obstructive, we felt it wasmore accurate to
use the term “sleep apnea” instead of “obstructive sleep apnea.”

Finally, the lack of racial diversity in our cohort limits the
generalizability of thefindings. Themajor strengths of our study
were the large sample size, the random sample of men and
women from the general population minimizing selection and
referral bias, the equal sex distribution, and the well-powered
assessment of sex differences. Data from a community-based
population with a high proportion of participants having low
REIs allowus to understand the impact ofmild SA, in contrast to
clinical populations inwhich the distribution of SA is situated in
a higher degree of disease severity. Even though our samplewas
relatively large, we do not exclude that the age- and obesity-
adjusted associations might become statistically significant for
SBP in very large study populations.

CONCLUSIONS

Significant increases in BP and hypertension prevalence in the
general population were present at distinctly lower REI values
in women compared to men. Even a very low exposure to re-
spiratory events during sleep (REI values within the normal
range of < 5 events/h) was associated with a higher BP.
Adjusting for obesity attenuated the associations, especially in
men. There aremajor challenges to a better understanding of the
sex differences in the clinical picture of SA and their health
consequences. Upcoming research should ideally be performed
in a sex-stratified manner. Addressing this research gap and
achieving a better understanding of sex differences could allow
a move toward more precise and personalized management of
women and men with SA, and potentially improve decision-
making from a public health perspective.

ABBREVIATIONS

AHI, apnea-hypopnea index
BMI, body mass index
BP, blood pressure
DBP, diastolic blood pressure
ESADA, European Sleep Apnea Database
HP, home polygraphy
HT, hypertension
PG, polygraphy
REI, respiratory event index
SA, sleep apnea
SBP, systolic blood pressure
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