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ORIGINAL CONTRIBUTION

Short Sleep Duration and Incident
Coronary Artery Calcification
Christopher Ryan King, BS
Kristen L. Knutson, PhD
Paul J. Rathouz, PhD
Steve Sidney, MD, MPH
Kiang Liu, PhD
Diane S. Lauderdale, PhD

CORONARY ARTERY CALCIFICA-
tion, the accumulation of cal-
cified plaques visible by com-
puted tomography,1 is a

subclinical predictor of future coro-
nary heart disease events.2,3 Risk fac-
tors for calcification include estab-
lished heart disease risk factors such as
male sex, older age, glucose intoler-
ance, tobacco use, dyslipidemia, high
blood pressure, obesity, raised inflam-
matory markers, and low educational
attainment.4-6

Recent experimental and epidemio-
logical data implicate sleep quantity and
quality as correlates of several of these
risk factors, including glucose and ap-
petite regulation,7 hypertension,8 in-
flammation,9 sex, age, education,10 and
obesity.11 However, some of these cor-
relations have only been documented
in studies in which sleep is measured
by self-report, which may be biased or
insufficiently accurate.12-14 Because of
these associations, we set out to test
whether objectively measured sleep du-
ration and other sleep characteristics
predict calcification and, if so, whether
calcification risk factors mediate this re-
lationship.

Using sleep data collected in an an-
cillary study to the Coronary Artery
Risk Development in Young Adults
(CARDIA) study, we analyzed whether
objective and subjective sleep mea-
sures predicted the development of in-

cident calcification over 5 years of fol-
low-up.

METHODS
Study Sample

CARDIAisanongoing,prospective,mul-
ticenter cohort study of the evolution of
cardiovascular risk factors. The original
CARDIA cohort was aged 18 to 30 years
in 1985-1986 and was balanced by self-
identifiedsex,race(blackandwhite),and
educationfrompredefinedmultiplechoice
categories.Thesecategoriesweregathered

to control for confounding in risk factor
identification. A detailed study descrip-
tionhasbeenpresentedelsewhere.15 The
ancillarysleepstudyincludedparticipants
from 1 (Chicago) of the 4 CARDIA sites.

Author Affiliations: Department of Health Studies, Uni-
versity of Chicago, Chicago, Illinois (Mr King and Drs
Knutson, Rathouz, and Lauderdale); Division of Re-
search, Kaiser Permanente, Oakland, California (Dr Sid-
ney); and Department of Preventive Medicine, North-
western University, Chicago, Illinois (Dr Liu).
Corresponding Author: Diane S. Lauderdale, PhD, De-
partment of Health Studies, University of Chicago,
5841 S Maryland Ave, MC 2007, Chicago, IL 60637
(lauderdale@uchicago.edu).

Context Coronary artery calcification is a subclinical predictor of coronary heart dis-
ease. Recent studies have found that sleep duration is correlated with established risk
factors for calcification including glucose regulation, blood pressure, sex, age, educa-
tion, and body mass index.

Objective To determine whether objective and subjective measures of sleep dura-
tion and quality are associated with incidence of calcification over 5 years and whether
calcification risk factors mediate the association.

Design, Setting, and Participants Observational cohort of home monitoring in
a healthy middle-aged population of 495 participants from the Coronary Artery Risk
Development in Young Adults (CARDIA) cohort Chicago site (black and white men
and women aged 35-47 years at year 15 of the study in 2000-2001 with follow-up
data at year 20 in 2005-2006). Potential confounders (age, sex, race, education, ap-
nea risk, smoking status) and mediators (lipids, blood pressure, body mass index, dia-
betes, inflammatory markers, alcohol consumption, depression, hostility, self-
reported medical conditions) were measured at both baseline and follow-up. Sleep
metrics (wrist actigraphy measured duration and fragmentation, daytime sleepiness,
overall quality, self-reported duration) were examined for association with incident
calcification. Participants had no detectable calcification at baseline.

Main Outcome Measure Coronary artery calcification was measured by com-
puted tomography in 2000-2001 and 2005-2006 and incidence of new calcification
over that time was the primary outcome.

Results Five-year calcification incidence was 12.3% (n=61). Longer measured sleep
duration was significantly associated with reduced calcification incidence (adjusted odds
ratio, 0.67 per hour [95% confidence interval, 0.49-0.91 per hour]; P=.01). No po-
tential mediators appreciably altered the magnitude or significance of sleep (adjusted
odds ratio estimates ranged from 0.64 to 0.68 per sleep hour; maximum P=.02). Al-
ternative sleep metrics were not significantly associated with calcification.

Conclusion Longer measured sleep is associated with lower calcification incidence
independent of examined potential mediators and confounders.
JAMA. 2008;300(24):2859-2866 www.jama.com
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FIGURE1 illustrates the derivation of the
sample used in the main analysis from
the initial cohort. Nonpregnant partici-
pants in the clinical examination in year
15 of CARDIA (2000-2001) (n=814)
were invited to participate in the sleep
study in 2003 and 2004, and 670 agreed
to do so (82%). CARDIA participants
were reexamined in2005-2006,provid-
ing 5-year follow-up. Data on sleep, de-
scribed below, were collected between
CARDIAyears15(termedbaselineinthis
article) and year 20 (termed follow-up),
asdescribedbelow.Allparticipantspro-
videdwritten informedconsent; thepro-
tocol was approved by the institutional
review boards of Northwestern Univer-
sity and the University of Chicago and
by the CARDIA executive committee.
Participantswerepaid$50foreachwave
of actigraphy, largely to encourage re-
turn of the monitors.

Coronary Artery Calcification

Two scans were obtained using elec-
tron beam computed tomography (Ima-
tron C-150, GE Medical Systems, Mil-
waukee, Wisconsin) at baseline and
follow-up for CARDIA participants

using a method described previ-
ously.16 Scans were read centrally and
each participant’s scans were read in-
dependently blinded to all participant
characteristics. The reader identified a
region of interest for each potential fo-
cus of calcification, defined as 4 or more
adjacent pixels (1.87 mm2) with a com-
puted tomographic scan number greater
than 130 Hounsfield units (field of
view=35 cm). Agatston scores17 were
adjusted for between-center differ-
ences using a standard calcium phan-
tom scanned underneath each partici-
pant, and summed across the 4 major
coronary arteries to compute a total cal-
cium score. Biweekly calibrations were
conducted using a standard torso in-
sert to guard against between-center and
temporal variability. The presence of
calcification was defined as having a
positive, nonzero Agatston score, using
either of 2 scans.5 Among sleep study
participants, 535 have both baseline and
follow-up scans.

Sleep Measures

Sleep data were collected by the ancil-
lary study in 2 waves, about 1 year apart.
The first wave began approximately 3
years after the baseline examination in
2003. All participants were asked to
wear a wrist activity monitor (Acti-
watch-16, Mini-Mitter Inc, Bend, Or-
egon) for Wednesday through Satur-
day in both waves, 6 total nights per
participant. Wrist activity monitors con-
tain highly sensitive omnidirectional ac-
celerometers that count wrist move-
ments in 30-second epochs.18 For each
night of actigraphy data collection, the
time in bed when the participant was
trying to sleep also was collected, using
both an event marker button on the ac-
tigraph (which did not affect motion re-
cording) and a sleep log that asked them
to record the exact time that they be-
gan trying to fall asleep and when they
got out of bed (as a backup in case of
missing event markers). The software
only analyzed these specified periods
for sleep. Wrist actigraphy has been
validated against polysomnography,
demonstrating a correlation of more
than 0.9 in healthy individuals for total

sleep duration.19 Unlike polysomnog-
raphy, actigraphy does not appear to al-
ter sleep behavior because there is no
first-night effect.20 Using manufacturer-
supplied software, total sleep dura-
tion and sleep fragmentation were cal-
culated. Fragmentation, an index of
restlessness, was calculated by sum-
ming the percentage of time spent
“sleeping” when the individual is mov-
ing and the percentage of all immobile
periods that last 1 minute or less. This
was used as an objective measure of
sleep quality. Further explanation of the
actigraphy method has been reported
elsewhere.10

Self-reported habitual sleep dura-
tion was collected in the baseline
CARDIA questionnaire. The ancillary
study also included 3 validated sleep
questionnaires: the Pittsburgh Sleep
Quality Index,21 a 21-point scale of
overall sleep quality and disturbance;
the Epworth Sleepiness Scale, a 24-
point scale of daytime sleepiness22; and
the Berlin Questionnaire, an apnea risk
measure that classifies an individual as
being at high risk for apnea if 2 of these
3 conditions are present: (1) loud or fre-
quent snoring or frequent breathing
pauses, (2) being frequently tired af-
ter sleeping or during wake time or hav-
ing fallen asleep while driving, or (3)
having high blood pressure or a body
mass index (calculated as weight in ki-
lograms divided by height in meters
squared) greater than 30.23

Covariates

Baseline questionnaires ascertained
demographic information, alcohol con-
sumption, smoking, and self-reported
diagnosis or treatment for the follow-
ing conditions: gout, thyroid disease,
human immunodeficiency virus, liver
disease, any heart condition, cancer,
stroke, peripheral vascular disease, kid-
ney disease, migraine, gallbladder dis-
ease, diabetes, dyslipidemia, hyperten-
sion, gastrointestinal tract disease,
depression, other mental or mood dis-
orders, or asthma. Educational attain-
ment was categorized into 4 levels: less
than a high school degree, a high school
degree or equivalent, some college, or

Figure 1. Study Participant Flow Diagram

613 Had baseline CT scan

535 Had follow-up CT scan and included
in analysis

669 Completed sleep monitoring

670 Agreed to participate

814 Individuals in the Chicago CARDIA
study (2000-2006) invited to participate
in sleep ancillary study

56 No baseline CT scan

78 No follow-up CT scan

1 Withdrew

144 Refused

495 No baseline
calcification

40 Had baseline
calcification

CARDIA indicates Coronary Artery Risk Develop-
ment in Young Adults; CT, computed tomography.
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college graduate. Alcohol consump-
tion was summarized as weekly intake
of mean milliliters of alcohol with the
categories of nondrinker, consume less
than 7 drinks per week, or consume 7
drinks or more per week. Smoking was
categorized as never, former, or cur-
rent smoker. Additional question-
naires included the Center for Epide-
miologic Studies Depression scale,24 the
Cook-Medley hostility subscale of the
Minnesota Multiphasic Personality In-
ventory,25 and the Framingham type A
scale.26 Total physical activity was as-
sessed by the CARDIA physical activ-
ity history questionnaire, which has
been described elsewhere.27 These ques-
tionnaires were readministered at fol-
low-up. Hostility was measured at an
earlier examination (year 7).

Clinical examination results such as
weight and height and most laboratory
valuesweremeasuredatbothbaselineand
follow-up.Bloodpressurewasmeasured
3times foreachparticipantwhile seated.
A Hawksley random-zero sphygmoma-
nometerwasusedatbaseline,andanOm-
ronHEM-907XL(Bannockburn,Illinois)
wasusedatfollow-up.Thecalibratedsys-
tolic values and the mean of the second
and third readings were used. For 12
hoursprior toeachexamination,partici-
pants were asked to fast. For the 2 hours
prior to each examination, participants
were asked to avoid smoking and heavy
physicalactivity.Asreportedelsewhere,5

plasmatotal cholesterol,high-density li-
poprotein cholesterol, and triglycerides
weredeterminedusinganenzymatic as-
say by Northwest Lipids Research Labo-
ratory(Seattle,Washington); low-density
lipoprotein cholesterol was calculated
using the Friedewald equation.28 Serum
glucosewasmeasuredusinghexokinase
coupledtoglucose-6-phosphatedehydro-
genase by Linco Research (St Louis,
Missouri).4 C-reactive protein was mea-
suredusingtheBNIINephelometer from
Dade Behring (Deerfield, Illinois) with
aparticle-enhancedimmunonepholomet-
ricassay.29 Thesemeasureswereallavail-
able at both the baseline and follow-up
examinations. Interleukin 6 was mea-
suredbyultrasensitiveenzyme-linkedim-
munosorbentassay(R&DSystems,Min-

neapolis, Minnesota),29 and was only
available at the follow-up examination.
Plasma fibrinogen measurements were
performedat the follow-upexamination
usingan immunoassay.Total fibrinogen
concentration for this assay was deter-
minedattheUniversityofVermontusing
immunonephelometry(BNIINephelom-
eter 100 Analyzer, Dade Behring). The
amount of immunoreactive fibrinogen
present in the sample was quantitatively
determined by light scatter intensity.30

The Framingham risk score and 10-
year estimated risk were calculated from
baseline variables according to the rec-
ommendation of the National Choles-
terol Education Program’s Adult Treat-
ment Panel III.31

Statistical Analysis

Calcification was dichotomized as inci-
dent detectable calcification vs none be-
cause of the statistical distribution of the
amount of calcification, in which there
is a substantial floor effect. The preva-
lence of detectable calcification was low
(40/535) at the baseline examination. In-
cident calcification was the focus rather
than increased calcification because once
developed calcification has repeatedly
been shown to expand exponentially,32

a feature that is duplicated in our data
set (39/40). Positive follow-up calcifi-
cation occurred among less than one-
fifth of the participants (101/535);
among those, the intensity was gener-
ally low (�20 Agatston units [AU] in
59%). Sensitivity analyses were con-
ducted using an alternative threshold for
calcification of greater than 10 AU rather
than greater than 0 AU. Logistic regres-
sion was used to analyze the associa-
tion of incident calcification with actig-
raphy-measured sleep duration and 4
alternate sleep metrics: self-reported du-
ration, daytime sleepiness, and subjec-
tive and objective measures of sleep qual-
ity (Pittsburg Sleep Quality Index and
fragmentation). These models were all
adjusted for the key potential confound-
ers of age, sex-race group, educational
attainment, smoking status, and apnea
risk. One participant who checked
“other” educational attainment was ex-
cluded from these regressions.

To explore potential mediators of the
calcification-sleep relationship, the fol-
lowing covariates were added to the ad-
justed model of sleep duration: body
mass index, fasting glucose, serum C-
reactive protein, low-density lipoprotein
cholesterol, high-density lipoprotein
cholesterol, triglycerides, fibrinogen, in-
terleukin 6, depression scores, sys-
tolic blood pressure, alcohol consump-
tion, Framingham type A scores,
physical activity, Framingham risk,
Cook-Medley hostility scores, and in-
dicator variables for each of the
self-reported disease diagnosis and
treatment categories ascertained at
baseline. If a variable mediates the sleep-
calcification association, it is expected
to see attenuation of the coefficient for
sleep when the mediator is added. For
covariates measured at both examina-
tions, both baseline and 5-year change
were included as covariates. Each vari-
able was standardized to a z score
(mean=0, variance=1) using the base-
line standard deviation. Because of cor-
relations among the potential media-
tors, testing all of them simultaneously
was not illuminating. The above con-
founder-adjusted model was re-
gressed with the addition of each po-
tential mediator (and its 5-year change
if available) one at a time. A model also
was tested simultaneously adjusting for
key heart disease risk factors of low-
density lipoprotein cholesterol, high-
density lipoprotein cholesterol, sys-
tolic blood pressure, body mass index,
diabetes, age, sex, race, education,
smoking, and apnea risk. Ratios of re-
gression coefficients were calculated to
quantify how much difference in an es-
tablished risk factor (systolic blood
pressure) was equivalent to a differ-
ence of 1 hour of sleep.

Interaction terms between each co-
variate and sleep were tested for hetero-
geneity of the sleep effect. Regressions
were conducted within racial groups
(retaining sex as a covariate), within sex
groups (retaining race as a covariate),
and within apnea risk groups to fur-
ther identify heterogeneity among these
groups. Regression diagnostics were
performed and data points were exam-

CORONARY ARTERY CALCIFICATION AND SLEEP DURATION
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ined for excessive influence. Addition-
ally, the regression was repeated using
only the participants who reported fast-
ing for 8 hours prior to both clinical ex-
aminations. The main analysis also was
repeated using relative risk (Poisson)
regression in place of logistic regression.

Participants, nonparticipants, and in-
dividuals who were not followed up
were compared by 2-sided t tests and
the Fisher exact test where appropri-
ate using a significance threshold of .05
(TABLE 1). Regression coefficients were
tested for significance at the .05 level
using 2-sided tests. Unadjusted tests for
trends among hour groupings were cal-
culated by logistic regression. The 95%
confidence intervals (CIs) for hour-
group incidence were computed by ex-
act binomial methods. All statistical
analysis was performed using Stata soft-
ware version 9.0 SE (StataCorp, Col-
lege Station, Texas).

RESULTS
Table 1 compares baseline demograph-
ic, self-reported sleep, and cardiovascu-
lar risk characteristics of eligible sleep
studyparticipantswhodidvsdidnoten-
roll inthesleepstudy,andsleepstudypar-
ticipants at risk for incident calcification
withandwithout follow-upcalcification
data.Sleepstudyparticipationdidnotvary
by self-perceptions of usual sleep hours
(P=.75).Ofthe72at-riskindividualswith-
out follow-upscans,35didnotreturnfor
year 20 follow-up at all, and 37 were not
rescanned (scheduling difficulties were
often the reason). Measured sleep was
similar for those with and without out-
come data (P=.93).

TABLE 2providesdescriptivestatistics
of study participants. Where laboratory
valueswererecordedasintegers,theyhave
beengroupedasclosetothetertilesaspos-
sible. FIGURE 2 displays the unadjusted
relationshipbetweenactigraphicandself-

reported sleep hours and calcification
incidence. There was a moderate corre-
lation between self-reported and acti-
graphicsleepcategories(0.22,P� .001),
evaluatedwithaKendall�-bstatistic.The
proportion of persons developing cal-
cification decreases monotonically as
actigraphic sleep hours increases. Self-
report sums to a lower number of obser-
vations due to nonresponse in the ini-
tial CARDIA questionnaire.

TABLE 3 presents the associations of
sleep metrics and calcification from lo-
gistic regression. Unadjusted logistic re-
gression yields a significant reduction in
the odds of incident calcification with in-
creasing measured sleep duration (un-
adjusted odds ratio [OR], 0.57 per hour
[95% CI, 0.44-0.73 per hour]). After ad-
justing for age, sex, race, education,
smoking, and apnea risk, longer mea-
sured sleep duration was associated with
reduced calcification incidence (ad-

Table 1. Characteristics of Study Participants and Nonparticipants

Eligible for Sleep Substudy
Participants Without

Calcification at Baseline

Nonparticipants
(n = 144)

Participants
(n = 670)

P
Valuea

Rescanned
(n = 495)

Not
Rescanned

(n = 72)
P

Valuea

Self-reported sleep, mean (SD), h 6.5 (1.4) 6.5 (1.2) .75 6.5 (1.2) 6.5 (1.4) .57

Measured sleep, mean (SD), h NA 6.1 (1.1) NA 6.1 (1.0) 6.1 (1.3) .93

Baseline calcification prevalence, No./total (%) 13/131 (9.9) 47/616 (7.6) .38 NA NA NA

Follow-up calcification incidence, No./total (%) 11/76 (14.5) 61/496 (12.3) .60 61/495 (12.3) NA NA

Race-sex groups, No. (%)
White male 44 (30.6) 177 (26.4) 127 (25.7) 20 (27.8)

Black male 38 (26.4) 108 (16.1)
.002

77 (15.6) 17 (23.6)
.29

White female 25 (17.4) 198 (29.6) 149 (30.1) 19 (26.4)

Black female 37 (25.7) 187 (27.9) 142 (28.7) 16 (22.2)

Age, mean (SD), y 39 (3.7) 40 (3.6) .05 40 (3.5) 39 (3.9) .04

Educational attainment, No./total (%)b
�High school degree 8/143 (5.6) 27/668 (4.0) 12/494 (2.4) 6/72 (8.3)

High school degree or equivalent 64/143 (44.8) 235/668 (35.2)
.11

175/494 (35.4) 24/72 (33.3)
.10

Some college 13/143 (9.1) 74/668 (11.1) 56/494 (11.3) 7/72 (9.7)

College graduate 58/143 (40.6) 332/668 (49.7) 251/494 (50.8) 35/72 (48.6)

Current smokers, No. (%) 30 (20.8) 141 (21.0) �.99 90 (18.2) 20 (27.8) .08

Lipoprotein cholesterol, mean (SD), mg/dL
High-density 50 (15) 51 (15) .69 52 (15) 48 (12) .02

Low-density 115 (32) 113 (32) .46 111 (30) 118 (34) .11

Systolic blood pressure, mean (SD), mm Hg 112 (13) 111 (14) .49 110 (14) 112 (12) .36

Diagnosed diabetes, No. (%) 11 (7.6) 29 (4.3) .07 22 (4.4) 4 (5.6) .84

Framingham 10-year risk score, No. %c 1.6 (1.8) 1.8 (2.6) .39 1.7 (2.3) 2.1 (3.7) .22
Abbreviation: NA, data not available or not applicable.
SI conversion factors: To convert high-density and low-density lipoprotein cholesterol to mmol/L, multiply by 0.0259.
aThe t test and the Fisher exact test were used.
bThree persons had missing or ambiguous educational attainment; only 1 was a scanned sleep study participant.
cCalculated per individual per method of the Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults.31
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justed OR, 0.67 per hour [95% CI, 0.49-
0.91 per hour]). Additionally adjusting
for key cardiovascular risk factors had
little effect on the OR for measured sleep.
None of the alternate metrics was sig-
nificantly associated with incident cal-
cification (Table 3).

Stratifying by sex suggested a stron-
ger measured sleep duration effect for
women (n=291; OR for sleep, 0.48
[95% CI, 0.27-0.85]) than for men
(n=203; OR for sleep, 0.76 [95% CI,
0.52-1.10]), however, the interaction
term in a combined model was not sig-
nificant (P=.12). In stratified regres-
sion models, there was no suggestion
that effects vary by race (OR for whites
[n=275], 0.61 [95% CI, 0.39-0.96] and
OR for blacks [n=219], 0.64 [95% CI,
0.41-1.02]). In combined regression,
the interaction term of race and sleep
was not significant (P=.92). Stratify-
ing by apnea risk, there was a sugges-
tion of a stronger effect for those at high
risk (OR, 0.38 [95% CI, 0.13-1.10])
compared with low risk (OR, 0.72 [95%
CI, 0.52-1.01]), but the interaction was
not significant (P=.51).

In all of the models that singly in-
cluded the potential mediators listed in
the“Methods”section(individualresults
not shown), none of the potential me-
diators substantially changed the sleep
coefficient (althoughmanyhadmainef-
fects on calcification incidence), or
caused the P value for the coefficient for
sleep to fall above .05; adjusted ORs for
measuredsleeprangedfrom0.64to0.68,
and the largest P value for sleep hours
was .02. No interaction terms between
sleepandtheothercovariateswerefound
to be significant.

The modeled effect of 1 additional
hour of sleep on the odds of incident
calcification was equal to the modeled
effect of a 16.5 mm Hg decrease in sys-
tolic blood pressure.

Results for a sensitivity analysis with
a higher cut point for positive calcifica-
tion (�10 AU) were similar (adjusted
OR, 0.63 [95% CI, 0.44-0.90]). Use of
relative risk regression (Poisson regres-
sion) did not substantially change the re-
sult (relative risk for gain of 1 hour, 0.75
[95% CI, 0.60-0.93]; P=.01).

COMMENT
We have found a robust and novel
association between objectively mea-
sured sleep duration and 5-year inci-
dence of coronary artery calcification.
One hour more of sleep decreased the
estimated odds of calcification by
33%. Figure 2 shows that the (unad-
justed) dose-response relationship
held up across the range of measured
sleep; the lack of significant heteroge-
neity by race or sex strengthened this

finding. Controlling for potential con-
founders and mediators did not
greatly attenuate the relationship, as
seen by multiply-adjusted ORs rang-
ing only between 0.64 and 0.68 and
significant P values. The magnitude of
the observed effect was similar to siz-
able differences in established coro-
nary risk factors (eg, 1 additional
hour of sleep reduced risk similarly to
a reduction of 16.5 mm Hg in systolic
blood pressure).

Table 2. Study Sample Characteristics Among CARDIA Participants With Baseline and
Follow-up Calcification Measurements

Category

Sleep,
Mean
(SD), h

No./Total (%)

Baseline
Calcification
Prevalence

5-Year
Calcification
Incidencea

All participants 6.1 (1.0) 40/535 (7.5) 61/495 (12.3)

Race-sex groups
White male 6.1 (0.88) 17/144 (11.8) 26/127 (20.5)

Black male 5.2 (1.1) 8/85 (9.4) 18/77 (23.4)

White female 6.7 (0.84) 8/157 (5.1) 7/149 (4.7)

Black female 5.9 (0.92) 7/149 (4.7) 10/142 (7.0)

Age, y
�38 6.0 (1.1) 4/121 (3.3) 10/117 (8.5)

38-41 6.1 (1.0) 14/193 (7.3) 18/179 (10.1)

�42 6.0 (1.0) 21/219 (9.6) 33/198 (16.7)

Smoking status
Never 6.1 (1.0) 17/337 (5.0) 35/320 (10.9)

Past 6.3 (0.93) 8/93 (8.6) 8/85 (9.4)

Current 5.8 (1.2) 15/105 (14.3) 18/90 (20.0)

High-density lipoprotein cholesterol tertile, mg/dL
14-43 5.8 (1.0) 18/177 (10.2) 40/159 (25.2)

44-56 6.1 (1.0) 13/179 (7.3) 12/166 (7.2)

57-114 6.3 (1.0) 8/173 (4.6) 9/165 (5.5)

Low-density lipoprotein cholesterol tertile, mg/dL
39-98 6.1 (1.1) 9/174 (5.2) 16/165 (9.7)

99-124 6.1 (0.96) 9/171 (5.3) 12/162 (7.4)

125-209 6.1 (1.0) 20/175 (11.4) 29/155 (18.7)

Systolic blood pressure tertile, mm Hg
83-103 6.3 (0.94) 7/170 (4.1) 11/163 (6.8)

104-114 6.1 (1.0) 12/181 (6.6) 22/169 (13.0)

115-181 5.9 (1.1) 21/184 (11.4) 28/163 (17.2)

Diagnosed diabetes
No 6.1 (1.0) 38/508 (7.5) 57/470 (12.1)

Yes 6.0 (1.1) 1/23 (4.3) 3/22 (13.6)

Framingham 10-year risk, %
�1 6.1 (1.0) 19/402 (4.7) 35/383 (9.1)

2-4 6.0 (1.0) 14/97 (14.4) 17/83 (20.5)

�5 6.0 (0.96) 7/36 (19.4) 9/29 (31.0)

Apnea risk
Low 6.1 (1.0) 32/465 (6.9) 52/433 (12.0)

High 5.8 (1.0) 8/70 (11.4) 9/62 (14.5)
Abbreviation: CARDIA, Coronary Artery Risk Development in Young Adults.
SI conversion factors: To convert high-density and low-density lipoprotein cholesterol to mmol/L, multiply by 0.0259.
aAmong those without calcification at baseline.
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Our study has several limitations.
First, too few participants had calcifica-
tion at baseline for us to examine the rate
of further calcification among them. Sec-
ond, our first wave of sleep measures was
taken more than halfway through the pe-
riod between baseline and follow-up.
While calcification may have occurred
before sleep measurements, there is no
obvious reverse causation mechanism.
Further, the level of calcification was not
known by the participants at the time of
the sleep assessment. Finally, actigra-
phy is unable to measure potentially im-
portant dimensions of sleep such as sleep
stages, which may underlie the appar-
ent association between duration and cal-

cification. Sleep quality is multidimen-
sional, and there is no perfect metric for
measuring it; the apnea-hypopnea in-
dex from polysomnography is probably
the closest to a criterion standard. Ac-
tigraphy-measured fragmentationhasnot
been widely used in research, although
1 recent study did find a significant cor-
relation between it and obesity in the el-
derly.33 How actigraphic fragmentation
relates to other measures of sleep qual-
ity remains unclear.

However, actigraphyprovides several
advantagescomparedwithself-reported
sleep. Previous data indicate that self-
reported sleep is only weakly correlated
with total sleep time from polysomnog-

raphy (r=0.16)12 but that actigraphy is
highlycorrelatedwithpolysomnography
totalsleeptime(r�0.90).19,20 Actigraphy-
measuredsleephasbeenshowntoberela-
tively stable year to year in this cohort,34

indicating thatourmeasure likely repre-
sentssleepdurationthroughoutthestudy.
Actigraphyavoidspotentialbiases inself-
reportedsleepdurationcausedbytheper-
ceptionoffatigueinstatesofpoorhealth.14

While some participants at risk do not
have follow-up data (Table 1), we do not
see evidence that omitting them is likely
to affect our conclusions. There were a
few significant differences between those
with follow-up scans and those with-
out, but we adjusted for these factors in
regression analysis. Importantly, the
mean measured and self-reported sleep
levels were similar between those with
and without follow-up data.

Because of the well-established asso-
ciation between apnea and cardiac
outcomes,35-37 our lack of a clinical ap-
nea diagnosis is the study’s main limita-
tion. We used the Berlin Questionnaire
to identifyhigh-risk individuals.Forap-
nea tobiasourresultsaway fromthenull
hypothesis, apnea must be more preva-
lent among individuals with short sleep
duration, and the Berlin Questionnaire
must be so inaccurate as to leave signifi-
cantresidualconfounding.Differentstud-
ieshavereportedbothlongerandshorter
sleepdurationsforapneapatients.38-42The
Berlin Questionnaire has been found to
have high sensitivity (0.86) and moder-
atespecificity(0.77),23meaningourhigh-
risk group should include almost all of
the persons with apnea and a moderate
number without. If we stratify by apnea
risk, however, the sleep effect among
those with low apnea risk is quite simi-
lar to theeffect in thewhole sample (OR,
0.72[95%CI,0.20-1.01]),suggestingthat
residual apnea confounding is not likely
toberesponsible forourpositive results.
Thesmalleffectofapneariskonincidence
in Table 2 is likely a result both of the in-
clusion of persons without apnea in the
high-risk group and also the large effect
on baseline prevalence; that is, persons
withapneawerenot inourat-riskcohort
because they had already developed cal-
cification before baseline.

Figure 2. Coronary Calcification Incidence by Mean Sleep Duration

16

8

12

4

0

No. of participants

Sleep, h

C
al

ci
fic

at
io

n 
In

ci
de

nc
e/

10
0 

P
er

so
n-

Ye
ar

s

Actigraphy

Self-report

<4 4-<5 5-<6 6-<7 7-<8 ≥8

Actigraphy 17 49 148 188 88 5
Self-report 8 22 60 144 175 83

Error bars indicate 95% confidence intervals, which are 95% binomial intervals. Three self-reports were miss-
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Table 3. Logistic Regression of Incident Coronary Calcification

Covariate OR (95% CI) P Value

Actigraphy-measured sleep per hour
Unadjusted model (n = 495) 0.57 (0.44-73.0) �.001

Model adjusted for for race, sex, age, smoking, education,
and apnea risk (n = 494)

0.67 (0.49-0.91) .01

Model additionally adjusted for BMI, HDL-C, LDL-C,
blood pressure, and diabetes (n = 478)

0.66 (0.48-0.92) .01

Self-reported sleep per houra 0.87 (0.67-1.13) .30

Fragmentation index per SD of 7.7 pointsa 1.07 (0.80-1.42) .66

PSQI score per SD of 2.9 pointsa 1.21 (0.88-1.65) .24

Epworth score per SD of 4.0 pointsa 1.26 (0.96-1.66) .10
Abbreviations: BMI, body mass index, CI, confidence interval; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-

density lipoprotein cholesterol; OR, odds ratio; PSQI, Pittsburgh Sleep Quality Index.
aAdjusted for race, sex, age, smoking, education, and apnea risk.
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Calcification as an end point also has
strengths and weaknesses. Calcifica-
tion tends to increase over time32 and is
a potent risk factor for coronary events.2,3

By observing persons in early middle age,
we have reduced the possibility that un-
measured health problems confound the
association.14 However, early calcifica-
tion is not a clinical outcome and coro-
nary events may not necessarily follow.

We have not been able to find previ-
ous literature directly relating sleep with
calcification. However, we note that pre-
vious studies have established a relation-
ship between self-reported sleep dura-
tion and related outcomes, such as
hypertension8,43 and coronary events.44

Sleep apnea has been linked to calcifi-
cation in a clinical population35 as well
as to heart disease in population-based
cohorts.36,37 Contrary to others,43,44 we
find no evidence of a U-shaped relation-
ship. However, such a relationship might
be impossible to find in this study popu-
lation because so few had more than 8
hours of measured sleep. Also, our sleep
measurementavoided thepotential prob-
lemthat self-reportsof longsleeparecon-
founded by health factors.14 Finally, the
association between long sleep dura-
tion and cardiac outcome could be a fea-
ture that emerges at older ages.

We highlight 3 possible mechanisms
to explain this association. First, the de-
terminants of sleep duration are poorly
understood, although socioeconomic
correlations10 exist. There may be un-
known common factors predicting both
sleep and calcification. Second, we may
have been unable to adequately assess
mediating mechanisms. Our inflamma-
tory marker data are incomplete; fibrino-
gen and interleukin 6 were available only
at follow-up. Cortisol profiles, which
have been correlated with both calcifi-
cation45 and sleep,46 were not investi-
gated. More frequent measurements may
be needed to capture the activity of hy-
pothesized mediators. For example, tran-
sient decreases in glucose tolerance fol-
lowing evenings of short sleep duration47

might not be detected at either exami-
nation. Third, unmeasured diurnal varia-
tion of calcification pathways may be at
work. For example, blood pressure de-

clines during sleep48 and significantly
predicts4 calcification incidence.

In summary, this study demon-
strates that objectively measured sleep is
inversely associated with coronary ar-
tery calcification. This study further dem-
onstrates the utility of a simple objec-
tive measure of sleep that can be used at
home. Future studies will be needed for
crucial extensions to these results. First,
these results need confirmation in other
cohorts. Second, does sleep moderate the
rate at which calcification accumu-
lates? Third, will objective sleep tie to
coronarydiseaseeventoutcomesover the
long term? While calcification predicts
such outcomes, it is difficult to know
how and if the predictors of calcifica-
tion themselves will determine out-
comes, or if their impact will be purely
mediated by their effect on calcifica-
tion. Finally, if this association is born
out, interventional studies will be needed
to guide clinical advice.
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