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LEEP-DISORDERED BREATHING

(SDB) and the related clinical

syndrome, sleep apnea, have

been associated with hyperten-
sion in clinical reports since the early
1980s.!* Earlier studies of this associa-
tion used self-reported history of “snor-
ing” as a surrogate for the presence of
sleep apnea. Although some of these
studies showed an independent asso-
ciation between snoring and hyperten-
sion,’” others found that this relation-
ship may be explained by confounding
effects of age, sex, or obesity.*!! Two
recent studies have demonstrated that
self-reported history of snoring is as-
sociated with increased incidence of
self-reported hypertension in middle-
aged men'? and women." Other stud-
ies have used polysomnography (PSG),
amore objective measure of SDB. Most
of these studies,'*! but not all,?*?!

For editorial comment see p 1880.

Context Sleep-disordered breathing (SDB) and sleep apnea have been linked to hy-
pertension in previous studies, but most of these studies used surrogate information
to define SDB (eg, snoring) and were based on small clinic populations, or both.

Objective To assess the association between SDB and hypertension in a large co-
hort of middle-aged and older persons.

Design and Setting Cross-sectional analyses of participants in the Sleep Heart Health
Study, a community-based multicenter study conducted between November 1995 and
January 1998.

Participants A total of 6132 subjects recruited from ongoing population-based stud-
ies (aged =40 years; 52.8% female).

Main Outcome Measures Apnea-hypopnea index (AHI, the average number of
apneas plus hypopneas per hour of sleep, with hypopnea defined as a =30% reduc-
tion in airflow or thoracoabdominal excursion accompanied by a =4% drop in oxy-
hemoglobin saturation), obtained by unattended home polysomnography. Other mea-
sures include arousal index; percentage of sleep time below 90% oxygen saturation;
history of snoring; and presence of hypertension, defined as resting blood pressure of
at least 140/90 mm Hg or use of antihypertensive medication.

Results Mean systolic and diastolic blood pressure and prevalence of hypertension
increased significantly with increasing SDB measures, although some of this associa-
tion was explained by body mass index (BMI). After adjusting for demographics and
anthropometric variables (including BMI, neck circumference, and waist-to-hip ratio),
as well as for alcohol intake and smoking, the odds ratio for hypertension, comparing
the highest category of AHI (=30 per hour) with the lowest category (<1.5 per
hour), was 1.37 (95% confidence interval [CI], 1.03-1.83; P for trend=.005). The
corresponding estimate comparing the highest and lowest categories of percentage
of sleep time below 90% oxygen saturation (=12% vs <0.05%) was 1.46 (95% Cl,
1.12-1.88; P for trend <.001). In stratified analyses, associations of hypertension
with either measure of SDB were seen in both sexes, older and younger ages, all eth-
nic groups, and among normal-weight and overweight individuals. Weaker and non-
significant associations were observed for the arousal index or self-reported history of
habitual snoring.

Conclusion Our findings from the largest cross-sectional study to date indicate that
SDB is associated with systemic hypertension in middle-aged and older individuals of
different sexes and ethnic backgrounds.

JAMA. 2000,283:1829-1836
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found an association between sleep ap-
nea and hypertension, independent of
age, sex, body weight, and other po-
tential confounders. With the excep-
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tion of the reports from the Wisconsin
Sleep Cohort Study of middle-aged em-
ployed persons,'>'® most previous stud-
ies were based on a small number of pa-
tients in clinical settings.?

Given the strong association be-
tween SDB and obesity and adiposity
measures,” some researchers have cau-
tioned that even in studies controlling for
body mass index (BMI), there is a po-
tential for residual confounding, since fat
distribution may be the strongest con-
founding component of obesity.**

This study is based on baseline cross-
sectional data from the Sleep Heart
Health Study (SHHS), a multicenter
study of the cardiovascular conse-
quences of sleep apnea in participants re-
cruited from ongoing population-based
cohort studies.?” Our results represent the
largest cross-sectional study to date of the
association between SDB and hyperten-
sion in apparently healthy middle-aged
and older adults. We assessed SDB in the
subjects’ homes using a portable PSG
monitor. Its association with blood pres-
sure and hypertension is examined while
controlling for the potential confound-
ing effects of demographic variables,
body weight, and measures of body fat
distribution.

METHODS
Parent Cohorts and Study Sample

The specific aims and design of the SHHS
have been previously reported®* (also
available at: http://www.jhsph.edu
/shhs). In brief, SHHS subjects were
recruited from participants in ongoing
cohort studies of cardiovascular or res-
piratory disease. From these parent
cohorts, a sample meeting inclusion cri-
teria (aged 40 years or older; no history
of treatment of sleep apnea with con-
tinuous positive airway pressure; no tra-
cheostomy; no current home oxygen
therapy) were invited to participate in the
initial examination of the SHHS. Selec-
tion and recruitment procedures varied
by study site according to logistical con-
siderations and participants’ character-
istics. Some were recruited at the time
of their periodic parent study’s clinic
examination; others were recruited by
mail or by telephone.?>? Since the sam-
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pling frame for the study already con-
stitutes a somewhat selected group inves-
tigators made no effort to obtain arandom
sample. To optimize statistical power by
increasing the prevalence of sleep-
disordered breathing in the younger par-
ticipants, an attempt to oversample per-
sons with a history of snoring was made
in sites recruiting individuals younger
than 65 years.

Among 11053 participants in the
parent cohorts identified as poten-
tially eligible, 3394 (30.7%) refused to
participate in the SHHS, while 818
(7.4%) could not be located or were un-
able to participate due to illness. The
remaining 6841 participants (62%)
were enrolled for the SHHS baseline
sleep study conducted in the homes of
the participants between November
1995 and January 1998.

Baseline SHHS Examination

A self-administered sleep habits ques-
tionnaire on snoring history, sleep ap-
nea awareness and treatment, and
sleepiness was administered prior to the
baseline home visit. The home visit in-
cluded a brief health interview, assess-
ment of current medication use,” blood
pressure and anthropometric measure-
ments, and a full unattended PSG.
Resting blood pressure was mea-
sured in the right arm after a 5-minute
rest using a conventional mercury
sphygmomanometer. The first and last
Korotkoff sounds were used to deter-
mine systolic and diastolic blood pres-
sure, respectively. The average of the
second and third of 3 consecutive mea-
surements was used as the blood pres-
sure value in this report. Weight was
measured in light clothes on a portable
scale. Neck circumference was mea-
sured just below the laryngeal promi-
nence using standard methods.?®
Polysomnography was conducted us-
ing a Compumedics PS-2 system (Com-
pumedics Pty Ltd, Abbotsford, Austra-
lia) with the following montage: central
electroencephalogram, electrooculo-
gram, chin electromyogram, single bi-
polar electrocardiogram, finger pulse
oximetry, chest and abdominal excur-
sion by respiratory inductance plethys-

mography, and airflow by oronasal ther-
mocouples, body position, and ambient
light.” Sensors were placed and equip-
ment calibrated during the evening
home visit by centrally trained and cer-
tified technicians.? Data were stored in
real time on PCMCIA cards. The equip-
ment was retrieved the next morning.

Of the 6841 home PSG studies at-
tempted, 401 (5.9%) failed (sensor
losses or <4 hours of recorded data of
sufficient quality), leaving 6440 PSG
studies scored at the SHHS Reading
Center (Case Western Reserve Univer-
sity, Cleveland, Ohio). Detailed proto-
col for central scoring of sleep stages,
arousals, and respiratory events has
been described.”

Study Variables

Following standard recommenda-
tions,**3! hypertension was defined
as blood pressure of at least 140/90
mm Hg, or current treatment with an-
tihypertensive medications.

Sleep-disordered breathing was as-
sessed using the apnea-hypopnea index
(AHI), defined as the average number of
apneic plus hypopneic episodes per hour
of sleep. Apnea was defined as a com-
plete or an almost complete cessation of
airflow and hypopnea as a decrease in air-
flow or thoracoabdominal excursion of
at least 30% of baseline for 10 seconds
or more, accompanied by a 4% or more
decrease in oxygen saturation. Other in-
dices of SDB included arousal index (av-
erage number of arousals per hour of
sleep, with arousals identified follow-
ing modified American Sleep Disorders
Association criteria) > percentage of sleep
time with oxygen saturation below 90%,
and snoring history (self-report of snor-
ing =3 nights a week). The AHI and the
arousal index scoring reliability have
been reported.’> The AHI as defined
herein showed high interscorer reliabil-
ity (intraclass correlation coefficient
[ICCI, 0.99), whereas the reliability of
scoring for the arousal index was mod-
erate (ICC range, 0.54-0.72) depend-
ing on the quality of sleep recording and
experience of the scorer.

Smoking history was obtained from
the health interview questionnaire.
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Usual alcohol intake, waist and hip
circumferences, and height were ob-
tained from the parent studies. Body
mass index was calculated as weight
in kilograms divided by the square
of height in meters. Overweight and
obesity categories were defined accord-
ing to current recommendations
(TABLE 1).>*

Statistical Analyses

Among the 6440 SHHS participants, this
report is based on 6132 individuals with
complete information on demograph-
ics, weight, height, hypertension status,
and AHL. For arousal index, analyses were
restricted to the 5112 participants with
electroencephalogram and electromyo-
gram data of sufficient quality for sleep
staging.

Means and proportions were com-
pared using analysis of variance and x*
tests, respectively. The relationship be-
tween the SDB variables and blood pres-

SLEEP-DISORDERED BREATHING AND HYPERTENSION

sure values was analyzed using mul-
tiple linear regression. Due to the
skewed distribution of SDB measures
and to prevent undue influence of ob-
servations with extreme values, these
variables were log-transformed (natu-
ral log [x+0.1]).

Logistic regression was used to cal-
culate the odds ratio (OR) of hyperten-
sion comparing SDB categories, while
adjusting for possible confounders.”” In
these analyses, AHI was categorized ac-
cording to the observed distribution as
well as by commonly used clinical cut-
off points. The reference category was
an AHI of less than 1.5 per hour (ap-
proximately the bottom quartile of the
AHI distribution); other cutoff values
were AHIs equal to 5, 15, and 30 per
hour, resulting in 5 categories. Crite-
ria for the categorical definitions of the
other SDB variables were chosen so that
the categories would divide the study
population into groups of approxi-

mately the same size as for the AHI
criteria.

To assess the impact of using arbi-
trary cutoff points, the OR of hy-
pertension in relationship to SDB
variables was also estimated using non-
parametric logistic regression.***” With
this method, the dose-response rela-
tionship between a putative risk fac-
tor (eg, AHI) and an outcome (eg, hy-
pertension) can be estimated without
parametric assumptions about the risk
trend and without the need to catego-
rize the continuous exposure vari-
able. As a result of the high prevalence
of hypertension, the ORs presented
herein should not be interpreted as risk
ratios.*®

Nonparametric logistic regression
used the generalized additive models,
as implemented by the GAM function
in S-PLUS software.* All other statis-
tical analyses were conducted using SAS
software (SAS Institute, Cary, NC).

- _________________________________________________________________________________________________]
Table 1. Distributions of Selected Characteristics of the Study Population, Sleep Heart Health Study, 1995-1998*

Apnea-Hypopnea Index Category

Overall <1.5 1.5-4.9 5-14.9 15-29.9 =30
Characteristics (N =6132)1 (n=1691) (n =1598) (n=1751) (n=719) (n=373) P Value

Men, % 47.2 30.6 44.5 53.8 64.3 71.0 .001
Age =65y, % 46.7 35.4 46.8 54.0 52.8 52.0 .001
Ethnicity, %

White 77.0 76.0 79.2 77.0 76.4 73.7 7]

Black 7.7 9.1 7.3 6.7 7.2 9.1 001

American Indian 9.8 7.5 8.7 11.3 12.4 12.9

Other 5.4 7.3 4.8 5.0 4.0 43 _|
Smoking, %

Never 46.0 48.4 47.6 43.6 44.6 41.9 7]

Former 42.6 35.6 41.0 47.6 45.8 51.9 .001

Current 1.4 16.0 1.4 8.8 9.6 6.2 _|
Alcohol intake, %1

None 54.0 54.8 53.1 541 54.4 53.3 7]

1-2 drinks per day 16.9 20.0 16.8 15.2 15.1 14.3 001

3-7 drinks per day 16.3 15.4 16.9 16.2 15.9 18.4

>7 drinks per day 12.8 9.8 13.2 14.6 14.6 14.0
Body weight, %§

Normal 26.5 44.0 25.9 17.9 15.9 10.2 7]

Overweight 40.8 39.9 46.4 41.5 34.8 28.7 .001

Obese 32.8 16.1 27.7 40.6 49.4 61.1 _|
BMI, kg/m?, mean 28.5 26.1 27.9 29.6 30.7 32.2 <.001
Neck circumference, cm, mean 38.0 35.8 37.5 38.9 40.2 41.4 <.001
Waist-to-hip ratio, mean 0.92 0.88 0.92 0.95 0.96 0.97 <.001

*Includes all participants, unadjusted. Apnea-hypopnea index (AHI) is defined as the average number of apneic episodes plus hypopnea episodes per hours of sleep, and hypopnea
defined as a 30% or more reduction in airflow or thoracoabdominal excursion accompanied by a 4% or more drop in oxyhemoglobin.

FIncludes participants with information on sex, age, ethnicity, systolic and diastolic blood pressure, antihypertensive medications, body mass index (BMI), and AHI.

FAnalysis excludes 725 participants with missing alcohol intake information.

§Normal weight is defined as having a BMI between 18 and 24.9 kg/m?; overweight, between 25 and 29.9 kg/m?; obese, BMI more than 30 kg/m?.
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- ________________________________________________________________________________________________]
Table 2. Prevalence of Snoring, Mean Levels of Sleep-Disordered Breathing Indicators, and Mean Blood Pressures,
by Apnea-Hypopnea Index (AHI) Category, Sleep Heart Health Study, 1995-1998*

AHI Category
I | P Value
Variables Overall <1.5 1.5-4.9 5-14.9 15-29.9 =30 (Trend)
All Participants, Unadjusted
No. of subjects 6132 1691 1598 1751 719 373
Snoring, %
No 37.5 48.3 40.5 32.7 271 18.5
Yes 33.9 20.2 29.8 39.4 47.5 61.7 :| <.001
Unknown 28.6 31.5 29.7 27.9 25.4 19.8
AHI per hour, mean 8.8 0.6 3.0 9.0 20.6 46.9
Arousal index per hour, meant 19.0 15.3 17.0 19.3 24.0 35.6 <.001
Percentage of sleep time <90% of oxygen saturation 3.7 0.8 1.8 3.5 7.7 18.2 <.001
Participants Not Taking Antihypertensive Medications, Adjusted for Demographic Characteristicst
No. of subjects 3670 1142 1011 966 384 167
Systolic blood pressure, mm Hg, mean 126.7 124.3 1271 128.1 128.4 130.1 <.001
Diastolic blood pressure, mm Hg, mean 74.6 72.9 75.0 75.4 75.6 76.3 <.001

*For a definition of AHI, see Table 1.

TFor arousal index analysis, the number of subjects were 5112. The remaining observations were excluded because of unreliable sleep staging data.
FAdjusted for age (continuous variable), sex, ethnicity, and center.

]
Table 3. Linear Regression Analyses of Blood Pressure on Measures of Sleep-Disordered
Breathing, Participants Not Taking Antihypertensive Medications (n = 3670), Sleep Heart

Health Study, 1995-1998*

Systolic Blood
Pressure, mm Hg

Diastolic Blood
Pressure, mm Hg

|
B (SE)t

|
P Value

1 T
P Value B (SE)t

Variables
Apnea-hypopnea index (log transformed)
Demographics adjusted 1.21 (0.20) <.001 0.78 (0.11) <.001
Demographics and BMI-adjusted 0.57 (0.21) .008 0.49 (0.12) <.001
Arousal index (log transformed)
Demographics adjusted 1.28 (0.56) .02 0.83 (0.33) .01
Demographics and BMI-adjusted 1.05 (0.56) .06 0.71 (0.33) .03
Percentage of sleep time <90% oxygen
saturation (log transformed)
Demographics adjusted 0.66 (0.17) <.001 0.41 (0.10) <.001
Demographics and BMI-adjusted 0.10 (0.18) .59 0.14 (0.01) 18

*BMI indicates body mass index. For a definition of apnea-hypopnea index, see Table 1.

TEstimate of the linear regression coefficient (SE).

RESULTS

Descriptive characteristics of the study
population are presented in Table 1 and
TABLE 2, both overall and by AHI cat-
egories. Compared with those with lower
AHI values, participants with higher lev-
els of SDB (AHI =15 per hour) in-
cluded a larger proportion of men, per-
sons aged 65 years or older, American
Indians, former smokers, and being obese
(Table 1). Neck circumference and waist-
to-hip ratio were also significantly higher
in participants with high AHI values. The
results shown in Table 1 should be in-
terpreted with caution because they are
unadjusted. With regard to ethnicity, for
example, the increased prevalence of SDB
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among American Indians seems to be en-
tirely explained by differences in age and
the higher prevalence of obesity in this
ethnic group. The unadjusted mean AHI
for each ethnic group was 8.7 for whites;
9.0 for blacks; 10.7 for American Indi-
ans; and 7.2 for others (P<.001); after
adjusting for age and BMI, these values
were 8.8, 8.3, 8.7, and 8.9, respectively
(P=.81).

As expected, AHI was strongly asso-
ciated with self-reported history of snor-
ing as well as with other measures of SDB,
including arousal index and sleep time
below 90% oxygen saturation (Table 2).

Excluding participants taking anti-
hypertensive medications, AHI was lin-

early associated with blood pressure val-
ues (Table 2). However, multiple linear
regression analyses (TABLE 3) showed
that these associations were partially ex-
plained by BMI, although a statisti-
cally significant linear association be-
tween AHI and blood pressure persisted
even after adjustment for BMI. Arousal
index was also associated with blood
pressure, while the associations be-
tween sleep time below 90% oxygen
saturation and both systolic and dias-
tolic blood pressure became nonsig-
nificant after BMI adjustment (Table 3).

To use data from the entire cohort,
including those in treatment, the re-
maining analyses were based on hyper-
tension status. In unadjusted analy-
ses, the prevalence rates of hypertension
in increasing AHI categories were 43%
(<1.5 per hour), 53% (1.5-4.9 per
hour), 59% (5-14.9 per hour), 62% (15-
29.9 per hour), and 67% (=30 per
hour). Adjustment for age and demo-
graphic characteristics showed that the
odds of hypertension increased with es-
calating AHI categories in a graded-
dose response fashion (TABLE 4); the
OR of hypertension comparing partici-
pants with high AHI (=30 per hour)
to participants in the lowest AHI cat-
egory (<1.5 per hour) was 2.27 (95%
confidence interval [CI], 1.76-2.92).
Similarly strong associations were pres-
ent for sleep time below 90% oxygen

©2000 American Medical Association. All rights reserved.



saturation, whereas weaker associa-
tions were seen for the arousal index
and snoring. Adjustment for BMI re-
duced these estimates, although statis-
tically significant elevated ORs were still
present for the highest categories of AHI
and sleep time below 90% oxygen satu-
ration (OR range, 1.5-1.6). Further ad-
justment for other anthropometric mea-
surements (neck circumference and
waist-to-hip ratio) reduced these esti-
mates only slightly. The latter model
showed no significant associations with
arousal index.

Adding cigarette smoking and alcohol
intake to the model had very little impact
on the estimates (slightly reducing and
slightly increasing the point estimates for
AHI and sleep time below 90% oxygen
saturation, respectively).

SLEEP-DISORDERED BREATHING AND HYPERTENSION

The associations between the top and
bottom categories of AHI, sleep time be-
low 90% oxygen saturation, and snor-
ing with hypertension in subgroups
defined according to demographic vari-
ables and body weight categories are
shown in TABLE 5. Associations be-
tween these SDB measures and hyper-
tension were present in all subgroups,
although estimates vary in part due to
small sample sizes in these subgroup
analyses. The associations between AHI
and hypertension among women were
markedly weakened in the fully ad-
justed model (including BMI, neck cir-
cumference, and waist-to-hip ratio); on
the other hand, the association be-
tween sleep time below 90% oxygen
saturation and hypertension was still
present after full adjustment in both

women and men (OR, 1.3). Similarly,
although the association between AHI
and hypertension seemed stronger
among those who were younger than
65 years, the opposite was observed for
sleep time below 90% oxygen satura-
tion after full adjustment. Associa-
tions for either SDB measure were pres-
ent in all 3 major ethnic groups in the
SHHS cohort (white, black, American
Indians), although some of the CIs
overlap 1 due to relatively small sample
sizes. Likewise, associations were pres-
entin all 3 relative weight categories in
this population, although slightly stron-
ger in the high-body weight groups.
As shown in the FIGURE, nonpara-
metric logistic regression analyses con-
firmed the dose-response relationship
between AHI or sleep time below 90%

]
Table 4. Adjusted Odds Ratio (OR) and 95% Confidence Intervals (Cls) of Hypertension by Sleep-Disordered Breathing Measures,

Sleep Heart Health Study, 1995-1998*

OR Adjusted for Demographicstt

Adjusted

BMI, Neck,

BMI, Neck, Waist-to-Hip Ratio,

No. of for Demographicst BMI Waist-to-Hip Ratio Alcohol Use, Smoking
Variables Subjects OR (95% ClI) OR (95% ClI) OR (95% ClI) OR (95% ClI)
Apnea-hypopnea index per hour
<15 1691 1.00 1.00 1.00 1.00
1.5-4.9 1598 1.25(1.08-1.44) 1.12 (0.96-1.30) 1.11(0.95-1.29) 1.07 (0.91-1.26)
5-14.9 1751 1.57 (1.35-1.81) 1.28 (1.09-1.48) 1.24 (1.06-1.45) 1.20 (1.01-1.42)
15-29.9 719 1.73 (1.43-2.10) 1.32 (1.08-1.61) 1.26 (1.03-1.55) 1.25 (1.00-1.56)
=30 373 2.27 (1.76-2.92) 1.60 (1.23-2.08) 1.47 (1.12-1.92) 1.37 (1.03-1.83)
P (trend) .0001 .0001 .0008 .005
Arousal index per hour§
<12 1260 1.00 1.00 1.00 1.00
12-16.9 1335 0.92 (0.78-1.09) 0.91 (0.77-1.07) 0.93 (0.78-1.10) 0.94 (0.78-1.12)
17-22.9 1145 1.06 (0.89-1.25) 1.03 (0.87-1.23) 1.04 (0.87-1.24) 1.04 (0.86-1.26)
23-29.9 745 1.18 (0.97-1.43) 1.14 (0.93-1.38) 1.11(0.91-1.36) 1.12(0.90-1.39)
=30 627 1.30 (1.05-1.60) 1.20 (0.97-1.49) 1.19 (0.96-1.48) 1.15(0.91-1.45)
P (trend) .002 .02 .04 .003
Percentage of sleep time <90%
of oxygen saturation
<0.05 2005 1.00 1.00 1.00 1.00
0.05-0.49 1542 1.24 (1.07-1.42) 1.13(0.98-1.30) 1.12(0.96-1.29) 1.10 (0.94-1.29)
0.50-3.9 1498 1.56 (1.35-1.91) 1.30 (1.12-1.51) 1.25 (1.08-1.46) 1.24 (1.05-1.46)
4.0-11.9 594 1.55 (1.27-1.89) 1.18 (0.96-1.45) 1.10 (0.89-1.35) 1.13(0.90-1.42)
=12 493 2.03 (1.62-2.53) 1.49(1.18-1.88) 1.39 (1.10-1.75) 1.45(1.12-1.88)
P (trend) .0001 .0002 .005 .0003
Snoring
No 2273 1.00 1.00 1.00 1.00
Yes 2058 1.21 (1.07-1.38) 1.05 (0.92-1.20) 1.02 (0.89-1.16) 1.01 (0.88-1.17)
Unknown 1732 1.27 (1.11-1.46) 1.24 (1.08-1.42) 1.25(1.08-1.43) 1.26 (1.08-1.46)

*For definition apnea-hypopnea index, see Table 1. Hypertension is defined as resting blood pressure of at least 140/90 mm Hg or use of antihypertensive medication. BMI indi-

cates body mass index.
TAdjusted for age (continuous variable), sex, and ethnicity.

FModels include demographics and variables listed in column headings.

§For arousal index analysis, the number of subjects were 5112. The remaining observations were excluded because of unreliable sleep staging data.
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|
Table 5. Demographic and Fully Adjusted Odds Ratio (OR) and 95% Confidence Intervals (Cls) of Hypertension by Sleep-Disordered
Breathing Measures, Sleep Heart Health Study, 1995-1998*

Percentage of Sleep Time <90%
Oxygen Saturation,
=12 vs <0.05 (Reference)

AHI per Hour,
=30 vs <1.5 (Reference)

Snoring,
Yes vs No

I 1 1T 1
Demographicst Fully Adjustedt Demographicst Fully Adjustedf Demographicst Fully Adjustedt

Characteristics Sﬂgj.ec():fts OR OR (95% CI) OR OR (95% Cl) OR OR (95% Cl)

SeXMen 2897 2.14 1.49 (1.06-2.12) 1.85 1.32 (0.97-1.81) 1.00 0.89 (0.74-1.07)

Women 3235 2.03 1.17 (0.74-1.86) 2.04 1.33 (0.92-1.93) 1.46 1.16 (0.95-1.42)
Age,<)é5 3267 2.72 1.64 (1.14-2.36) 2.00 1.26 (0.89-1.78) 1.28 0.99 (0.83-1.18)

=65 2865 1.69 1.23 (0.83-1.83) 1.90 1.44 (1.08-2.00) 1.16 1.04 (0.84-1.28)
Ethnicity

White 4724 2.08 1.36 (1.00-1.85) 2.06 1.42 (1.08-1.85) 1.18 1.01 (0.87-1.18)

Black 473 2.71 1.87 (0.65-5.43) 2.38 1.47 (0.52-4.17) 1.02 0.79 (0.44-1.42)

American Indian 601 3.48 2.15(0.99-4.67) 1.89 1.28 (0.67-2.48) 1.54 1.27 (0.82-1.97)

Other 334 2.03 1.04 (0.30-3.69) 1.92 1.04 (0.31-3.49) 1.24 0.85 (0.45-1.60)
Body weight§

Normal 1622 1.75 1.48 (0.69-3.16) 1.29 1.11 (0.62-1.96) 1.10 1.10 (0.82-1.47)

Overweight 2500 1.66 1.53 (0.95-2.46) 1.97 1.93 (1.25-2.96) 1.02 0.96 (0.78-1.17)

Obese 2010 2.08 1.54 (1.02-2.31) 1.83 1.36 (0.95-1.95) 1.14 1.06 (0.84-1.34)

*AHI indicates apnea-hypopnea. For definitions of AHI, see Table 1. For definition of hypertension, see Table 4.

TAdjusted for age (continuous), sex, and ethnicity.

FAdjusted for age, body mass index (BMI), neck circumference, and waist-to-hip ratio (all continuous variables), sex, ethnicity, cigarette smoking, and alcohol intake. Age-stratified
analyses includes age as a continuous covariate in the model; similarly, body weight-stratified analyses also includes BMI as a continuous variable.
§Normal weight is defined as BMI of 18 to 24.9 kg/m?, overweight, between 25 and 29.9 kg/m?; and obese, 30 kg/m? or more.

]
Figure. Adjusted Odds Ratio of
Hypertension According to Apnea-Hypopnea
Index and Sleep Time Below 90% Oxygen
Saturation
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pertension. The data suggest that, al-
though with some fluctuations prob-
ably stemming from random variability,
the adjusted odds of hypertension in-
crease steadily with AHI from values of
about 15 or 20 per hour, reaching ORs
greater than 2 for the very high AHI val-
ues. For sleep time below 90% oxygen
saturation, a steady increase in the fully
adjusted OR is only observed for val-
ues higher than 50%.

ing from the limited validity of self-
reported snoring information** and
could explain the inconsistencies in pre-
vious studies that use snoring as an in-
dicator of SDB.>'® The weak associa-
tions for arousal index and AHI may be
explained by the dilution effect, which
stems from the exclusion of 1011 par-
ticipants from the arousal index analy-
ses because of unreliable electroencepha-
logram and electrocardiogram data. This
group may include a large proportion of
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Solid thick line represents estimates from nonpara-
metric logistic regression; dashed lines, 95% confi-
dence limits for the nonparametric logistic regression
estimates; solid thin line, adjusted odds ratio esti-
mated from conventional logistic regression using the
categories shown in Table 4. Odds ratios adjusted for
demographics, body mass index, neck circumfer-
ence, and waist-to-hip ratio. Hypertension is defined
in Table 4.
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healthy middle-aged and older adults
shows that SDB is associated with preva-
lent hypertension. After controlling for
the main potential confounders (age,
sex, BMI, and other measures of adipos-
ity), as well as for other potentially rel-
evant variables (alcohol intake, smok-
ing), high levels of AHI or sleep time
below 90% oxygen saturation were as-
sociated with greater odds of hyperten-
sion in a dose-response fashion (Table
4 and Figure). In contrast, with these ob-
jective measures of SDB, self-reported
snoring showed little or no association
with hypertension. This contrast may be
due to misclassification errors result-

than those who do not have SDB. The
median AHI of 4.2 per hour among those
with and 5.3 per hour among those with-
out arousal index data supports the lat-
ter hypothesis.

The large sample size allowed us to
conduct analyses stratified according to
potential effect modifiers (Table 5).
Studies have reported stronger associa-
tion between SDB and hypertension
among younger persons than older per-
sons,®* an effect that is apparent for
AHI but not for sleep time below 90%
oxygen saturation in our study. Asso-
ciations between SDB measures and hy-
pertension were seen in both sexes and

©2000 American Medical Association. All rights reserved.



in all ethnic groups and were slightly
stronger among those who were over-
weight or obese.

Unlike previous studies that did not
adequately control for potential con-
founding variables,!*22:2*% we at-
tempted to account for all of the most
important potential confounders, in-
cluding measures of overweight and fat
distribution. As expected, controlling
for BMI diminished the strength of the
association between estimates of SDB
and hypertension (Table 3 and Table
4). Additionally, controlling for neck
circumference and waist-to-hip ratio
changed these estimates only slightly,
thus providing little support to criti-
cisms that previous studies that only
controlled for BMI alone may have been
subject to to residual confounding due
to obesity.**

Our results support the common
conceptualization of overweight as a
possible confounder of the putative as-
sociation between SDB and hyperten-
sion. However, these observations are
also consistent with an alternative
model, whereby sleep apnea is one of
the intermediary mechanisms by which
overweight is causally related to hy-
pertension. Under this alternative
model, the BMI-adjusted estimates pre-
sented in Table 4, Table 5, and the Fig-
ure may be subject to overadjustment.
Indeed, since AHI is measured with er-
ror because of night-to-night variabil-
ity,** adjusting for BMI, which is more
precisely measured and is strongly cor-
related with the true level of SDB, may
be equivalent to adjusting for this true
underlying level of the very condition
that the observed AHl is trying to mea-
sure. Thus, the true level of associa-
tion between SDB and hypertension
may lie between the unadjusted esti-
mates (subject to confounding) and the
BMI-adjusted estimates (partially sub-
ject to overadjustment).

Nonetheless, given the observa-
tional nature of this study, the possibil-
ity of residual confounding due to un-
measured or unknown confounders
cannot be ruled out. Moreover, if con-
founding variables were measured with
error, adjustment may be incomplete

SLEEP-DISORDERED BREATHING AND HYPERTENSION

leading to a residual overestimate of the
associations.*®2® Potential problems
derived from the somewhat arbitrary
AHI definition (highly dependent on the
definition used for hypopnea identifi-
cation)* were addressed by using alter-
native definitions of SDB in addition to
AHI (Table 4 and Table 5) and by us-
ing nonparametric logistic regression
analyses that are not dependent on ar-
bitrary cutoff points (Figure).

The possibility of selection biases due
to the volunteer character of the sample
(participants in ongoing cohort studies
who agreed to undertake home PSG)
needs to be considered as well. How-
ever, we consider it unlikely that these
biases will affect the internal validity of
the main results (ie, the association be-
tween SDB and hypertension), particu-
larly because of the internal consis-
tency in stratified analyses (Table 5). In
any event, we consider that this study will
be less prone to these biases than previ-
ous studies in patient populations.

Finally, the cross-sectional nature of
the study precludes definitive causal in-
ferences. The temporal relationship be-
tween SDB and hypertension cannot be
firmly established. In addition, preva-
lence-incidence (duration) bias may
also be affecting these cross-sectional
results. If sleep apnea is related to in-
creased mortality, as suggested in pre-
vious studies,***® the survival of a hy-
pertensive person with sleep apnea
would tend to be shorter than that of a
hypertensive person without sleep ap-
nea. Under these assumptions, the
cross-sectional estimates from this and
similar studies will tend to underesti-
mate the true relative risk.*P15>4

The hypothesis of a causal association
between sleep apneaand hypertension is
supported by evidence from intervention
trials, showing that successful treatment
of sleep apnea by means other than weight
loss (eg, continuous positive airway pres-
sure) is accompanied by significant de-
creases in both daytime and nighttime
blood pressure.”®>? The mechanisms un-
derlying the association between SDB and
hypertension are not entirely clear. Sev-
eral have been proposed,'®****including
hemodynamic disturbances resulting from

©2000 American Medical Association. All rights reserved.

intermittent negative intrathoracic pres-
sure duringapneic episodes, recurrent epi-
sodes of hypoxemia and hypercapnia re-
sulting in abnormal activation of arterial
chemoreceptors and increased sympa-
thetic activity, and increased sympathetic
activity associated with repeated arous-
als during sleep.

In summary, this study suggests an in-
dependentassociation between sleep ap-
neaand hypertension, particularly among
the middle-aged participants. However,
because of the observational and cross-
sectional nature of the study, these results
should be interpreted with caution. Fur-
ther prospective studies on the longitu-
dinal association between SDB in relation-
ship to changesin blood pressure and hy-
pertension incidence will help elucidate
the true nature and magnitude of the as-
sociation.
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