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ABSTRACT

Background Sleep-disordered breathing is preva-
lent in the general population and has been linked to
chronically elevated blood pressure in cross-section-
al epidemiologic studies. We performed a prospective,
population-based study of the association between
objectively measured sleep-disordered breathing and
hypertension (defined as a laboratory-measured blood
pressure of at least 140/90 mm Hg or the use of an-
tihypertensive medications).

Methods We analyzed data on sleep-disordered
breathing, blood pressure, habitus, and health histo-
ry at base line and after four years of follow-up in
709 participants of the Wisconsin Sleep Cohort Study
(and after eight years of follow-up in the case of 184
of these participants). Participants were assessed over-
night by 18-channel polysomnography for sleep-dis-
ordered breathing, as defined by the apnea—hypopnea
index (the number of episodes of apnea and hypop-
nea per hour of sleep). The odds ratios for the pres-
ence of hypertension at the four-year follow-up study
according to the apnea—hypopnea index at base line
were estimated after adjustment for base-line hyper-
tension status, body-mass index, neck and waist cir-
cumference, age, sex, and weekly use of alcohol and
cigarettes.

Results Relative to the reference category of an
apnea—hypopnea index of 0 events per hour at base
line, the odds ratios for the presence of hypertension
at follow-up were 1.42 (95 percent confidence inter-
val, 113 to 1.78) with an apnea—hypopnea index of
0.1 to 4.9 events per hour at base line as compared
with none, 2.03 (95 percent confidence interval, 1.29
to 3.17) with an apnea—hypopnea index of 5.0 to 14.9
events per hour, and 2.89 (95 percent confidence in-
terval, 1.46 to 5.64) with an apnea—hypopnea index
of 15.0 or more events per hour.

Conclusions We found a dose-response associa-
tion between sleep-disordered breathing at base line
and the presence of hypertension four years later
that was independent of known confounding factors.
The findings suggest that sleep-disordered breath-
ing is likely to be a risk factor for hypertension and
consequent cardiovascular morbidity in the general
population. (N Engl J Med 2000;342:1378-84.)
©2000, Massachusetts Medical Society.
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CREENING studies in the United States,

Europe, and Australia have shown that a sub-

stantial proportion of the adult population

has mild-to-moderate sleep-disordered breath-
ing, a condition characterized by repeated episodes
of apnea and hypopnea during sleep.!¢ Apnea and hy-
popnea cause temporary elevations in blood pressure
in association with blood oxygen desaturation, arous-
al, and sympathetic activation and may cause elevat-
ed blood pressure during the daytime and, ultimate-
ly, sustained hypertension.” Recent reviews judged
the epidemiologic evidence relating sleep-disordered
breathing to hypertension to be inconclusive, but
they noted that study designs were inappropriate, that
there was inadequate control for confounding fac-
tors such as obesity, and that there was a dearth of
prospective studies.®® Since sleep-disordered breathing
is prevalent and treatable and the morbidity and costs
of hypertension are profound, a rigorous assessment
of the relation between the two conditions remains
a priority.

We assessed the association between sleep-disor-
dered breathing and hypertension in a prospective
analysis of data from the Wisconsin Sleep Cohort
Study. The Sleep Cohort Study is a population-based,
longitudinal study of the natural history of sleep-dis-
ordered breathing in adults. Participants complete
overnight sleep studies at four-year intervals. These
studies include assessment of sleep-disordered breath-
ing (by monitored polysomnography), blood pres-
sure, and many potential confounding factors.

METHODS

Overview

The protocols for the Wisconsin Sleep Cohort Study and in-
formed-consent documents were approved by the institutional re-
view board of the University of Wisconsin Medical School. In
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1989, a subgroup of employees of four Wisconsin state agencies
was mailed a four-page questionnaire on sleep habits, health his-
tory, and demographic information. A stratified random sample
of respondents was invited to participate in the study. Participants
completed a base-line overnight protocol that included assessments
of the physiologic characteristics of sleep by polysomnography,
blood pressure, habitus, health history, and other information.
Approximately every four years thereafter, participants have been
invited for follow-up studies.

Exclusion criteria included pregnancy, unstable or decompen-
sated cardiopulmonary disease, airway cancers, and recent surgery
of the upper respiratory tract. For this report, participants were
also excluded if they had sleep studies with unusable physiologic
measurements, an inadequate period of sleep (less than four hours),
no episodes of rapid-eye-movement sleep, or a history of physi-
cian-diagnosed stroke or cardiovascular disease, or if they were re-
ceiving medical treatment for sleep-disordered breathing.

Participants

As of September 1999, a total of 1189 participants had com-
pleted a base-line sleep study and 957 of these participants had
been invited for four-year follow-up studies. Of those invited, 709
(74 percent) participated in a follow-up study, 233 (24 percent)
declined, and 15 (2 percent) could not be contacted (because
they had moved or died). Of the 709 who completed four-year
follow-up studies, 219 had been invited for eight-year follow-up
studies at the time of our analysis. Of these, 184 (84 percent)
completed the second follow-up study, 30 (14 percent) declined,
and 5 (2 percent) could not be contacted. Table 1 compares key
base-line variables among the participants who completed the base-
line sleep study, those who completed the four-year follow-up study,
and those who completed the eight-year follow-up study. There
were no substantial differences among the three groups, although
the percentage of female participants was slightly lower in the
subgroup that completed the eight-year follow-up study.

Collection of Data

The overnight sleep studies were conducted at the University
of Wisconsin General Clinical Research Center in rooms resem-
bling typical bedrooms. Participants arrived in the early evening.
Sleep technicians obtained written informed consent and adminis-
tered health-history and lifestyle questionnaires. The use of antihy-
pertensive medication was determined on the basis of participants’
answers to questions concerning the current use of a-adrenergic
antagonists, beta-blockers, calcium-channel blockers, diuretics, and
angiotensin-converting—enzyme inhibitors for the treatment of
hypertension. After administration of the questionnaires and after
participants had been seated for at least 15 minutes, two or three

TABLE 1. BASE-LINE CHARACTERISTICS OF THE PARTICIPANTS
WHO COMPLETED THE BASE-LINE SLEEP STUDY, THE FOUR-YEAR
FoLLOW-UP STUDY, AND THE EIGHT-YEAR FOLLOW-UP STUDY.*

FOUR-YEAR EIGHT-YEAR
BASE-LINE FoLLow-up FoLLow-up
STtupY STupY STtupY
CHARACTERISTIC AT BASE LINE (N=1189) (N=709) (N=184)
Apnea-hypopnea index 4*10 4+9 4+9
(events/hr)
Stage 1 or worse hypertension 28 27 27
Female sex (%) 45 45 40
Age (yr) 46+8 46+7 46+8
Body-mass index 29+x7 29+6 29=*5

*Plus—minus values are means £SD. The body-mass index was calculat-
ed as the weight in kilograms divided by the square of the height in meters.

readings of systolic and diastolic (phase V) blood pressure were
obtained at 5-minute intervals with the use of conventional mer-
cury sphygmomanometry according to the recommendations of
the American Society of Hypertension.!© Habitus was assessed
with the use of standard procedures!! and included measurements
of height (in meters) and weight (in kilograms); waist, hip, and
neck circumference (in centimeters); skin-fold thickness (in mil-
limeters) of the biceps, triceps, and subscapular and suprailiac ar-
eas with use of a caliper; and body-mass index, which was calcu-
lated as the weight in kilograms divided by the square of the
height in meters.

After the assessment of blood pressure and habitus, technicians
affixed polysomnography leads to each participant and performed
calibrations. An 18-channel polysomnographic recording system
(model 78, Grass Instruments, Quincy, Mass.) was used to assess
sleep state and respiratory and cardiac variables. Sleep state was
measured with electroencephalography, electrooculography, and
chin electromyography. These signals were used to determine the
sleep stage for each 30-second interval of the polysomnographic
record, according to conventional criteria.!? Arterial oxyhemoglo-
bin saturation, oral and nasal airflow, nasal air pressure, and rib-
cage and abdominal respiratory motion were used to assess epi-
sodes of sleep-disordered breathing. Oxyhemoglobin saturation
was continuously recorded with a pulse oximeter (model 3740,
Ohmeda, Englewood, Colo.). Stalk-mounted thermocouples (Pro-
Tec, Hendersonville, Tenn.) detected oral and nasal airflow. A
pressure transducer (Validyne Engineering, Northridge, Calif.)
measured air pressure at the nares. Respiratory inductance pleth-
ysmography (Respitrace, Ambulatory Monitoring, Ardsley, N.Y.)
recorded rib-cage and abdominal excursions. Sleep stage and res-
piratory events were assessed by trained sleep technicians and re-
viewed by an expert polysomnographer. Each 30-second interval
of the polysomnographic record was inspected visually for epi-
sodes of abnormal breathing. Cessation of airflow for at least 10
seconds was defined as an episode of apnea. A discernible reduc-
tion in the sum amplitude of the rib-cage plus the abdominal ex-
cursions on respiratory inductance plethysmography that lasted at
least 10 seconds and that was associated with a reduction in the
oxyhemoglobin saturation of at least 4 percent was defined as an
episode of hypopnea. The apnea—hypopnea index was defined as
the average number of episodes of apnea and hypopnea per hour
of objectively measured sleep and was the summary measurement
of the occurrence of sleep-disordered breathing.

Statistical Analysis

The primary goal of the study was to estimate the association
of sleep-disordered breathing at base line with the presence of hy-
pertension four years later. With this approach, an interpretation
of a positive association might be that greater initial degrees of
sleep-disordered breathing accelerate the development of hyper-
tension. Actual changes in blood-pressure levels were not mod-
eled, because the prevalent use of antihypertensive medication in
the cohort obscures underlying blood-pressure levels in those who
use medications, possibly biasing associations.!? Participants whose
blood pressure exceeded a specified cutoft point or who used an-
tihypertensive medication at the time of their studies were classi-
fied as being hypertensive. In defining hypertension, we examined
cutoft points for blood pressure ranging from 130/85 to 180,/110
mm Hg. The cutoff point of primary interest was 140/90 mm Hg,
which was defined as stage 1 hypertension by the sixth report of
the Joint National Committee on Prevention, Detection, Evalua-
tion, and Treatment of High Blood Pressure.* Other cutoff points
were also examined to determine whether the associations de-
pended on the choice of cutoft point.

Among 709 participants who completed base-line and four-year
follow-up sleep studies, 184 also completed eight-year follow-up
studies, yielding data on 893 sets of four-year sleep studies for analy-
sis. We used logistic-regression analysis with the SAS GENMOD
procedure!s to estimate the odds ratios for the presence of hyper-
tension at follow-up according to the level of sleep-disordered
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breathing at base line. We used the generalized-estimating-equa-
tions approach!®!” to incorporate correlations between observa-
tions resulting from the inclusion of the 184 participants assessed
at all three times. The significance of logistic-regression coefficients
was determined with two-sided P values with use of an « level of
0.05 for main effects and of 0.01 for interactions between the co-
variates and the apnea—hypopnea index.

The degree of sleep-disordered breathing was characterized by
the apnea—hypopnea index. We examined whether untransformed
values for the apnea—hypopnea index at base line, log-transformed
values (apnea—hypopnea index + 1), the square of the values, and
categorization of values (0, 0.1 to 4.9, 5.0 to 14.9, and 15.0 or
more events per hour) were predictors of the presence of hyper-
tension at follow-up. The category of 0 events per hour was in-
cluded because a substantial proportion of the participants had
no episodes of apnea or hypopnea at base line. The cutoff points
of 5.0 and 15.0 events per hour have been used in previous epi-
demiologic studies of sleep-disordered breathing. Further subdi-
vision of the highest category was impractical because few partic-
ipants had more than 15.0 events per hour.

Because of variability within subjects and measurement error in
assessing blood pressure, some misclassification of hypertension
status was inevitable. Thus, we could not precisely identify a co-
hort of participants who were free of hypertension at base line to
follow for a determination of the incidence of hypertension. In-
stead, in all models, we controlled for hypertension status at base
line. This approach allowed us simultaneously to examine the as-
sociation between sleep-disordered breathing at base line and hy-
pertension at follow-up in participants classified as normotensive
at base line and the association between sleep-disordered breath-
ing and persistent hypertension in participants classified as hyper-
tensive at base line. We used an interaction term to assess whether
these two associations were different. As a check for a possible
bias resulting from the misclassification of hypertension, we per-
formed Monte Carlo simulations in which a random error was
added to the measurement of participants’ blood pressure. Using
conservative (larger than likely) estimates of the error in blood-
pressure measurements calculated from the variability between
participants’ base-line and follow-up measurements, we deter-
mined that the misclassification of hypertension might lead to
slight underestimates of the odds ratios for the likelihood of hy-
pertension at follow-up.

We examined the following base-line variables as covariates: age,
sex, body-mass index, neck circumference, waist circumference,
waist-to-hip ratio, skin-fold measurements, smoking status (cur-
rent smoker, former smoker, or no history of smoking; the num-
ber of pack-years; and the current number of packs smoked per
week), extent of alcohol use (based on the participant’s usual week-
ly consumption), hours of regular exercise per week, and meno-
pausal status. Base-line covariates that substantially altered regres-
sion coefficients for the apnea—hypopnea index at base line were
included in the final models. Interactions between the covariates and
the apnea—hypopnea index were tested for statistical significance.

RESULTS

Table 2 presents key characteristics at base line
and follow-up according to the apnea—hypopnea in-
dex at base line. When data on all 893 follow-up stud-
ies were analyzed, there was a decrease in mean blood
pressure from base line to follow-up (from 125,/82
mm Hg to 123/79 mm Hg) and an increase in the
prevalence of stage 1 or worse hypertension (from
28 percent to 31 percent). These changes were due,
in part, to a net increase in the use of antihyperten-
sive medications (from 10 percent to 17 percent).

Odds ratios for the presence of hypertension at
follow-up according to the apnea—hypopnea index
at base line are given in Table 3. Results from four
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models are presented. The first model adjusted for
hypertension status at base line, the second controlled
for this variable as well as for age and sex (nonmod-
ifiable risk factors), the third controlled for all these
variables as well as for habitus, and the fourth con-
trolled for all the preceding variables as well as for
weekly alcohol consumption and cigarette use. With-
in each model there was a linear increase in the log-
arithm of the odds ratios for successively higher stra-
ta of the apnea—hypopnea index. These models fit
better than alternative models that used continuous
measures of the apnea—hypopnea index. No higher-
order terms (e.g., linear squared or cubed) for the
strata of the apnea—hypopnea index were statistically
significant.

Table 3 reveals that age and sex minimally con-
founded the association between sleep-disordered
breathing and hypertension: the odds ratios remained
essentially unchanged after adjustment for age and
sex. Adjustment for habitus variables did reduce the
odds ratios, but further adjustment for alcohol and cig-
arette use did not. Other variables examined did not
appreciably alter the odds ratios. No interaction terms
for sleep-disordered breathing and the covariates ex-
amined, including base-line hypertension status, were
significant.

Odds ratios obtained with the use of a more con-
servative definition of hypertension (blood pressure
of at least 160/100 mm Hg or the use of antihyper-
tensive medications) were similar to those in Table 3.
After adjustment for base-line hypertension status,
age, sex, body-mass index, waist and neck circumfer-
ence, and weekly alcohol and cigarette use, the odds
ratio associated with an apnea—hypopnea index of 0.1
to 4.9 events per hour as compared with none was
1.39 (95 percent confidence interval, 1.04 to 1.84),
the odds ratio associated with an apnea—hypopnea
index of 5.0 to 14.9 events per hour was 1.92 (95
percent confidence interval, 1.09 to 3.39), and the
odds ratio associated with an apnea—hypopnea index
of 15.0 or more events per hour was 2.66 (95 per-
cent confidence interval, 1.13 to 6.25). Odds ratios
based on other cutoft points for blood pressure (rang-
ing from 130,/85 to 180/110 mm Hg) were similar.

As a check for possible bias resulting from the
dropout of participants from the study, we analyzed
data after excluding all eight-year follow-up data and
adjusting for base-line hypertension status, age, sex,
body-mass index, waist and neck circumference, and
weekly alcohol and cigarette use. The resulting odds
ratios for the presence of hypertension at the four-
year follow-up study were 1.40 (95 percent confidence
interval, 1.09 to 1.81) with an apnea—hypopnea in-
dex of 0.1 to 4.9 events per hour at base line, 1.97
(95 percent confidence interval, 1.19 to 3.27) with
an apnea—hypopnea index of 5.0 to 14.9 events per
hour at base line, and 2.77 (95 percent confidence
interval, 1.30 to 5.92) with an apnea—hypopnea in-
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TABLE 2. CHARACTERISTICS OF THE PARTICIPANTS WHO COMPLETED ONE OR BOTH FOLLOW-UP SLEEP

STUDIES, ACCORDING TO THE APNEA—HYPOPNEA INDEX AT BASE LINE.*

ENTIRE GROUP

CHARACTERISTIC BAse-LINE APNEA-HYPOPNEA INDEX (N=893)
0 0.1-4.9 5.0-14.9 =15.0
(N=187) (N=507) (N=132) (N=67)
Sex — no. (%)
Female 107 (57) 226 (45) 41 (31) 15 (22) 389 (44)
Male 80 (43) 281 (55) 91 (69) 52 (78) 504 (56)
Age — yr
At base line 45+7 46*8 50+8 498 47+8
At follow-up 49+7 50+8 54+8 53+8 51+8
Apnea—hypopnea index — events/hr
At base line 0 2x1 9x3 31=16 5+9
At follow-up 2+4 4*6 12+15 27+22 6+12
Median value at base line 0 1.1 8.1 24.6 1.2
Median value at follow-up 0.3 1.6 8.4 235 1.9
Systolic blood pressure — mm Hg
At base line 12014  124*14 130x14 135*16 125+15
At follow-up 118+15 123*15 131+18  129*16 123+16
Diastolic blood pressure — mm Hg
At base line 79+9 82+9 84+9 88+11 82x10
At follow-up 75*10 79+11 82+11 81+10 79+11
Use of antihypertensive medications — no. (%)
At base line 12 (6) 38 (7) 23 (17) 15 (22) 88 (10)
At follow-up 18 (10) 72 (14) 33 (25) 30 (45) 153 (17)
Stage 1 or worse hypertension (blood pressure
=140,/90 mm Hg or use of antihyper-
tensive medications) — no. (%)
At base line 34 (18) 121 (24) 59 (45) 40 (60) 254 (28)
At follow-up 32(17) 142 (28) 64 (48) 40 (60) 278 (31)
Stage 2 or worse hypertension (blood pressure
=160,/100 mm Hg or use of antihyper-
tensive medications) — no. (%)
At base line 13 (7) 52 (10)  31(23) 24 (36) 120 (13)
At follow-up 19 (10) 87 (17) 37 (28) 33 (49) 176 (20)
Body-mass index
At base line 27+*5 29+5 32+6 35+7 29+6
At follow-up 29*6 30x6 33+7 36+8 30x7
Alcoholic drinks — no. of drinks/wk
At base line 3+5 4+7 4x6 5+8 4+6
At follow-up 3+4 4*5 4*5 4+6 4+5
Current cigarette smoker — no. (%)
At base line 34 (18) 88 (17) 23(17) 8 (12) 153 (17)
At follow-up 32 (17) 76 (15) 18 (14) 8 (12) 134 (15)

*Data are from 893 follow-up sleep studies: 709 participants completed the four-year follow-up study, and 184 also
completed the eight-year follow-up study. For the 184 participants who completed both the four-year and the eight-year
follow-up studies, four-year follow-up data were used to calculate the base-line values and eight-year follow-up data were

used to calculate the follow-up values. Plus—minus values are means =SD.

dex of 15.0 or more events per hour at base line. In
cach case the reference category was an apnea—hypop-
nea index of 0 events per hour. These odds ratios
were similar to those in Table 3.

DISCUSSION

We found a relation between sleep-disordered
breathing and hypertension, measured over a four-
year period, after adjustment for habitus, age, sex,
and cigarette and alcohol use. Persons with few ep-
isodes of apnea or hypopnea (0.1 to 4.9 events per
hour) at base line had 42 percent greater odds of
having hypertension at follow-up than did persons
with no episodes. Persons with mild sleep-disordered
breathing (as defined by an apnea—hypopnea index

of 5.0 to 14.9 events per hour) and those with more
severe sleep-disordered breathing (as defined by an
apnea—hypopnea index of 15.0 or more events per
hour) had approximately two and three times, re-
spectively, the odds of having hypertension at fol-
low-up of those with no episodes of apnea or hypop-
nea. Our findings, if accurate and reflective of a
causal relation, are particularly important because of
the high prevalences of sleep-disordered breathing
and hypertension.

Dropout of participants, the possibility of con-
founding, and error in assessing key study factors are
important features of our study that may be relevant
to the accuracy of our results. Among the partici-
pants who were invited for the four-year and eight-

Volume 342 Number 19 1381

Downloaded from www.nejm.org on July 5, 2008 . For personal use only. No other uses without permission.
Copyright © 2000 Massachusetts Medical Society. All rights reserved.












