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Interplay of Objective Sleep Duration and Cardiovascular and

Cerebrovascular Diseases on Cause-Specific Mortality

Julio Fernandez-Mendoza, PhD, CBSM, DBSM; Fan He, MS; Alexandros N. Vgontzas, MD, ScD; Duanping Liao, MD, PhD;
Edward O. Bixler, PhD

Background—Cardiovascular and cerebrovascular diseases (CBVDs) and cancer are leading causes of death. Short sleep is a
potential contributor to health; however, its role in predicting mortality associated with cardiometabolic risk factors (CMRs) and
CBVD remains poorly understood. We tested whether objective short sleep duration increases the risk of mortality associated with
CMRs and CBVD.

Methods and Results—A total of 1654 adults (aged 20-74 years) from the Penn State Adult Cohort (47.5 years, 52.5%
women, and 89.8% white) whose cause of death was determined after 19.2 years (5.2 years). CMR was defined as stage 2
hypertension and/or type 2 diabetes mellitus on the basis of blood pressure and glucose levels or a report of diagnosis or
treatment for these conditions. CBVD was defined as a report of diagnosis or treatment for heart disease and/or stroke.
Objective short sleep duration was defined as polysomnographic total sleep time <6 hours. Cox proportional hazard models
estimated multivariable-adjusted hazard ratios (HRs) and 95% Cls. Risk of all-cause mortality associated with CMR or CBVD
was significantly modified by objective sleep duration (P<0.05), and it was significantly higher in subjects who slept <6 hours
(HR, 2.14 [95% Cl, 1.52-3.02] and HR, 3.17 [95% Cl=2.16—4.65], respectively). In subjects who slept <6 hours, CMR was
associated with a 1.83 higher (95% Cl, 1.07-3.13) risk of CBVD mortality and CBVD with a 2.92 higher (95% Cl, 1.28-6.65)
risk of cancer mortality. In subjects who slept >6 hours, CMR was not significantly associated with CBVD mortality (HR, 1.35;
95% Cl, 0.70-2.63) nor was CBVD significantly associated with cancer mortality (HR, 0.55; 95% CI, 0.18—1.64).

Conclusions—OQObjective short sleep duration predicts the all-cause mortality prognosis of middle-aged adults with CMR and the
cancer-specific mortality prognosis of those with CBVD. (JAm Heart Assoc. 2019;8:e013043.DOI: 10.1161/JAHA.119.013043.)
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Despite increased preventive efforts and campaigns,
cardiovascular and cerebrovascular diseases (CBVDs)
remain the primary cause of death in the United States and
worldwide." Similarly, hypertension and type 2 diabetes
mellitus remain as the most prevalent cardiometabolic risk
factors (CMRs) for the development of CBVD. It is estimated
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that ~45% of the US population has CMRs, whereas another
14% have already developed CBVD, making them healthcare
problems of epidemic proportions. "

Recent studies increasingly recognize sleep as an addi-
tional important contributor to health. Although there is a
clear association between obstructive sleep apnea (OSA) with
CMRs, CBVD, and mortality,> * we still lack a comprehensive
understanding of the association of short sleep, independent
of OSA, with adverse health outcomes. This is despite 35% of
the population reporting short sleep duration® and ~50% of
the population sleeping objectively <6 hours, as assessed
with in-laboratory or at-home polysomnography.® In 2016,
short sleep was identified as a novel contributor to CMRs and
CBVD,” whereas its association with mortality has been
modest and inconsistent across studies.® '? A limitation of
previous epidemiologic studies is the reliance on self-reported
data, which do not allow controlling for the presence of OSA
and testing the role of objectively measured sleep duration.
Also, the scientific paradigm used in previous studies has
been the sole, independent association of sleep duration with
mortality.'? These limitations have led to the understanding
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Clinical Perspective

What Is New?

Identification of short sleep duration as an effect modifier of
mortality and cause of death in people with hypertension,
diabetes mellitus, heart disease, or stroke.

Ascertainment of sleep duration via objective in-laboratory
study (ie, polysomnography) in a longitudinal, population-
based cohort.

What Are the Clinical Implications?

» Cardiovascular risk factors and diseases as well as sleep
disturbances are highly prevalent in the outpatient practice
of general practitioners, such as family physicians, inter-
nists, and cardiologists, who often refer for an objective in-
laboratory study to rule out sleep apnea.

Clinicians should become aware that the risk of all-cause
and cancer mortality associated with hypertension, diabetes
mellitus, heart disease, or stroke is greater in patients with
objective short sleep duration, a potentially modifiable risk
factor.

Patients with hypertension, diabetes mellitus, heart disease,
or stroke, who sleep objectively short, may benefit from
targeted treatments to lengthen sleep and improve their
long-term prognosis.

that measures of short sleep duration may not be useful yet in
predicting risk of mortality.

We have shifted this paradigm and conceptualize objective
sleep duration as an effect modifier of the association between
CMRs and CBVD with mortality. Our scientific premise holds
that the main risk factors and causes of mortality are well
known; however, studies of potential effect modifiers that are
clinically meaningful predictors of the prognosis of individuals
with a given risk factor (ie, CMR) or who have already developed
diseases that lead to death (ie, CBVD) have not been
comprehensive as they pertain to sleep. Support for this effect
modification paradigm comes from previous studies in which
objectively measured short sleep duration was associated with
cardiac, stress, and immune system biomarkers as well as
CMRs and mortality in individuals with chronic insomnia."®?"
Specifically, our theoretical framework posits that objective
short sleep duration in individuals with traditional CMRs may
worsen cardiovascular, metabolic, and inflammatory functions
and increase the risk of mortality, given previous evidence that
impaired cardiac autonomic modulation, glucose metabolism,
increased inflammation, and progressive changes in endothelial
function at subclinical levels have all been associated with short
sleep duration under experimental conditions. On the basis of
this framework, the previously demonstrated link between
inadequate sleep, CBVD, and mortality may be amplified in
those with objective short sleep duration and, thus, objective

measures of sleep are likely to identify populations or patients
who are more vulnerable to the long-term adverse effect of
CMRs and CBVD known to lead to early death.

Thus, in the present study, we hypothesized that objective
short sleep duration increases the risk of mortality associated
with CMRs and CBVD in middle-aged adults. To test this novel
hypothesis, we examined the effect modification by objective
sleep duration on the increased risk of all-cause and cause-
specific mortality.

Methods

Because of the sensitive nature of the mortality data collected
for this study, the data that support the findings of this study
are available from the corresponding author on reasonable
request by qualified researchers trained in human subject
confidentiality protocols.

Participants

Detailed descriptions of the Penn State Adult Cohort and
sampling procedures are described elsewhere.'???"%* Briefly,
telephone interviews were conducted between January 1990
and August 1991 with 16 583 age-eligible men and women with
response rates of 73.5% and 74.1%, respectively, in the first
phase. In the second phase, 741 men and 1000 women were
randomly selected from the first phase and studied in the sleep
laboratory between January 1990 and March 1999, with
response rates of 67.8% and 65.8%, respectively. From 2014
to 2017, vital status and cause of death were extracted yearly
from the National Death Index of the US Centers for Disease
Control and Prevention. Written informed consent was obtained
at baseline, and all study protocols were approved by the
Institutional Review Board at Penn State College of Medicine.

Mortality

Death certificates for deceased individuals as of December
31, 2016, were retrieved from the US Centers for Disease
Control and Prevention. Participants were linked by the US
Centers for Disease Control and Prevention to death records
from the National Death Index for the years 1992 through
2016, and vital status was determined through a rigorous
process of probabilistic matching and death certificate review
on the basis of participants’ social security number, full name,
date of birth, and sex.?>?® The primary cause of death was
abstracted from raw files for case definition, which was
classified using International Classification of Diseases, Ninth
Revision (ICD-9), and International Classification of Diseases,
Tenth Revision (ICD-10), for deaths occurring before 1998 and
1999 and beyond, respectively.?’2° CBVD mortality was
defined as /CD-9 codes 390 to 459 and /CD-10 codes 100 to
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199, whereas mortality from other non-CBVD causes was
defined according to their respective /CD-9 and /CD-10 codes,
including cancer (/CD-9 codes 140-239 and /CD-10 codes
C00-D49), the second leading cause of death.?”~° Other non-
CBVD causes of death with low rates (ie, <70 deceased cases)
included respiratory, neurological, endocrine, genitourinary,
digestive, or any other causes (eg, suicide or accidents), all
based on their respective /CD-9 or ICD-10 codes.?” ?°
Standard guidelines and algorithms were followed to avoid
data misclassification.>**' Of the 1741 participants, a total of
1145 subjects were alive and 596 were deceased as of
December 31, 2016. Survival time was calculated from the
time of the baseline in-laboratory evaluation to the date of
death for those deceased or to December 31, 2016, for those
alive. The average survival time in the entire cohort was
18.7745.56 years, with a median of 20.05 (range, 0.09—
30.20) years. Participants who were aged >75 years at
baseline (n=87) were excluded from the analyses, given their
potential for excess mortality as a consequence of the natural
process of aging with such a long follow-up; in fact, the
median survival time for individuals who were aged >75 years
at baseline was 9.1 years and only 3 were still alive after
20 years. Thus, of the 1654 participants aged <75 years,
1142 were alive and 512 were deceased at follow-up, of
whom 209 died of CBVD and 131 died of cancer.

Cardiometabolic Conditions

During the clinical history and physical examination at
baseline, blood pressure was measured in the evening ~2
hours before the start of the polysomnography following
standard procedures (ie, average of 3 consecutive readings
during a 5-minute period after 10 minutes of rest in the
supine position).?* Fasting glucose was assayed from blood
drawn in the morning after the polysomnography.”*

We established the presence of cardiometabolic conditions
based on 3 mutually exclusive clinically meaningful groups.
First, the presence of CBVD at baseline was defined by a report
of a physician diagnosis or treatment for heart disease and/or
stroke during the clinical history and physical examination.
Second, the presence of CMRs was defined by stage 2
hypertension (ie, a systolic blood pressure >140 mm Hg or a
diastolic blood pressure >90 mm Hg or use of antihypertensive
medication) and/or type 2 diabetes mellitus (ie, fasting glucose
levels >126 mg/dL or receiving treatment for diabetes melli-
tus), and none in the CMR group had a history of CBVD. Finally,
the reference group was defined as the absence of either of
these 2 categories (ie, none in the reference group had either
CBVD or CMR). Our primary independent variable was the
presence of CMR or CBVD, whereas our secondary independent
variable was the presence of CMR and CBVD as separate
categories.

Effect Modifier

All subjects were evaluated for one night in the sleep
laboratory in sound-attenuated, light- and temperature-
controlled rooms. Each subject was continuously monitored
for 8 hours using 16-channel polysomnography, including
electroencephalography, electrooculography, and electromyo-
graphy. Sleep was recorded between 10 pm to 11 pm and 6 Am
to 7 am to conform to subjects’ usual sleep pattern. The sleep
recordings were subsequently scored independently, accord-
ing to standardized criteria.®” On the basis of the distribution
of polysomnography-measured total sleep time, we catego-
rized the entire study sample into 2 groups: >50th percentile
(ie, >6 hours) and <50th percentile (ie, <6 hours). This cutoff
of 6 hours of sleep was previously shown to be associated
with significant morbidity and mortality.>”'?3334

Covariables

As part of the physical examination at baseline, height (cm) and
weight (kg) were measured and body mass index was
calculated. During the polysomnography, respiration was
monitored throughout the night using thermocouples at the
nose and mouth and thoracic strain gauges. All-night recordings
of hemoglobin oxygen saturation were obtained with an
oximeter attached to the finger. The presence of OSA was
defined as an apnea-hypopnea index >5 events per hour of
sleep.?%?3 A standardized questionnaire, administered during
the clinical history and physical examination, assessed for the
presence of physical and mental health conditions.”* The
presence of physical health conditions was defined as a binary
variable, including any positive response to a past or current
history of a physician diagnosis or treatment for allergies/
asthma, anemia, birth defects, cancer/tumor, colitis,
encephalitis, epilepsy, kidney/bladder disorders, migraine,
Parkinson disease, rheumatism, thyroid, or ulcer. The presence
of mental health conditions was also defined by a past or
current history of a physician diagnosis or treatment for
depression, suicidal ideation or attempts, loneliness, marital
problems, alcohol abuse, or drug abuse.?* Participants’ sex,
age, and race as well as daily consumption of caffeine (number
of cups/day), tobacco (number of cigarettes/day), and alcohol
(number of drinks /day) were also obtained via the standardized
questionnaire during the clinical history and physical
examination.?*

Statistical Analyses

The primary independent variable was the presence of CMR
or CBVD at baseline, and the primary outcome was all-cause
mortality with objective short sleep duration (ie, <6 hours) as
the effect modifier. The secondary independent variable was
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the presence of CMR and CBVD at baseline as separate
categories, whereas the secondary outcomes were CBVD and
non-CBVD mortality, including cancer mortality. To quantify
the excess risk of all-cause and cause-specific mortality
associated with CMRs or CBVD compared to the otherwise
healthy reference group, multivariable-adjusted Cox propor-
tional hazards regression models were used. We evaluated
the significance of the interaction term between the primary
independent variable (CMR/CBVD) and log-transformed sur-
vival time to test whether the proportional hazards assump-
tion was violated. The P value for this interaction term was
0.495, which indicates that the proportional hazards
assumption was not violated. All results are presented as
hazard ratios (HRs) with their 95% Cls, adjusted for age, race,
sex, education, body mass index, smoking, alcohol use,
apnea-hypopnea index, mental health conditions, other
physical health conditions, and objective sleep duration as
covariables. We tested the interaction between CMR or
CBVD and objective sleep duration to investigate the
hypothesized effect modification and presented the associ-
ations on the basis of 2 strata: those who slept >6 hours and
those who slept <6 hours at baseline. We projected the
survival functions using Kaplan-Meier curves across all
objective sleep duration subgroups. These survival curves
were based on the aforementioned multivariable-adjusted
Cox models, with the average sample characteristics pre-
sented in Table 1. Also, projected multivariable-adjusted all-
cause mortality rates at 15 and 20 years after baseline are
presented in Table S1 to enhance the clinical interpretation
of the results. Finally, sensitivity analyses tested whether
subjective sleep duration, measured with the question “How
many hours of sleep do usually get at night?,” acted as an
effect modifier of the relationship between CMR or CBVD
with mortality in 1467 participants with available data.
P<0.05 was used to determine the significance for all
analyses. All analyses were conducted with SAS, version 9.4
(SAS Institute, Cary, NC).

Results

The baseline demographic and clinical characteristics of the
cohort are summarized in Table 1. Among the 1654 partic-
ipants, 594 (35.9%) were free of any CMRs or CBVD, whereas
1060 (64.1%) had either CMR (n=828) or CBVD (n=232). By
December 31, 2016, =31% (n=512) of the cohort were
deceased, of which 209 (40.8%) died of CBVD causes and 303
(59.2%) died of other non-CBVD causes, including 131 (25.6%)
who died of cancer. As expected, the crude mortality rates
were positively related to the presence of CMRs or CBVD;
subjects with CBVD had the highest mortality rate (53.9%;
n=125), followed by those with CMRs (35.1%; n=291),

whereas the reference group showed the lowest mortality
rate (16.2%; n=92). Moreover, subjects who slept objectively
<6 hours had a higher crude mortality rate (40.2%; n=336)
compared with those who slept objectively >6 hours (21.5%;
n=176).

The multivariable-adjusted HRs and their 95% Cls for the
association between CMRs or CBVD with all-cause mortality
are shown in Table 2. The association between CMRs or
CBVD with all-cause mortality was significantly modified by
objective short sleep duration (P-interaction=0.05). The risk of
all-cause mortality associated with CMRs or CBVD was 2.23
(95% Cl, 1.60-3.12) times higher among those who slept
<6 hours, whereas this risk was 1.39-fold (95% ClI, 0.97-1.99)
among those who slept >6 hours. The survival curves
presented in Figure 1 illustrate the significant effect modifi-
cation by objective short sleep duration on all-cause mortality.
When examined separately, the risks of all-cause mortality
associated with CMRs and CBVD were 2.14 and 3.17 times
higher, respectively, among those who slept <6 hours,
whereas the risks were 1.38 and 2.34 times higher, respec-
tively, among those who slept >6 hours (Table 2).

In terms of cause-specific mortality, we found differential
effect modifications by objective short sleep duration for
CBVD mortality (P-interaction=0.54) versus non-CBVD mor-
tality (P-interaction=0.06), specifically, cancer mortality (P-
interaction=0.02). Table 2 presents the HRs of CBVD and
cancer mortality stratified by objective sleep duration. CMR
was significantly associated with CBVD mortality among those
who slept <6 hours (HR, 1.83; 95% CI, 1.07-3.13), whereas
this risk was not significant (HR, 1.35; 95% Cl, 0.70-2.63)
among those who slept >6 hours (Table 2). CBVD was
significantly associated with CBVD mortality regardless of
the objective sleep duration at baseline (HR, 3.61 [95% ClI,
1.77-7.38] among those who slept >6 hours and HR, 3.81
[95% CI, 2.14-6.76] among those who slept <6 hours). In
contrast, the excess risk of cancer mortality associated with
CBVD was significantly higher among those who slept
<6 hours (HR, 2.92; 95% CI, 1.28-6.65) but not among those
who slept >6 hours (HR, 0.55; 95% CI, 0.18-1.64). This
significant association of CBVD with cancer mortality among
those who slept <6 hours remained strong and in the same
direction, even after excluding the 147 subjects who already
had cancer at baseline (Table S2). The survival curves in
Figure 2 illustrate the effect modification by objective short
sleep duration on mortality from CBVD and non-CBVD causes.

Finally, sensitivity analyses showed that subjective sleep
duration did not act as an effect modifier (P-interac-
tion=0.840), and the risk of mortality associated with CMRs
or CBVD was similar in those who reported sleeping >7 hours
(HR, 1.92; 95% Cl, 1.31-2.79) and those who reported
sleeping <7 hours (HR, 1.82; 95% Cl, 1.26—2.62) or <6 hours
(HR, 1.78; 95% CI, 1.06-2.99).
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Table 1. Demographic and Clinical Characteristics of the Overall Sample and Stratified by the Presence of CMRs and CBVD

Characteristics Overall (N=1654) | Reference (n=594) | CMR or CBVD (n=1060) | P Value* | CMR (n=828) | CBVD (n=232) | P Value'
Age, y 47.5 (12.3) 43.4 (14.0) 53.1 (9.5) <0.01 52.7 (9.3) 54.2 (10.4) <0.01
Men, % 47.5 42.5 54.4 <0.01 52.0 61.3 <0.01
White, % 89.8 91.2 88.0 0.03 86.9 91.5 0.02
Education, y 13.6 (2.8) 14.0 (3.4) 13.2 (2.4) <0.01 13.2 (2.4) 13.2 (2.2) <0.01
BMI, kg/m? 27.6 (5.8) 26.1 (6.1) 29.8 (5.1) <0.01 29.9 (5.1) 29.5 (4.9) <0.01
CMR or CBVD, %

Hypertension 329 0.0 78.4 85.7 56.4

Diabetes mellitus 13.9 0.0 33.0 34.0 29.8

Heart disease 9.2 0.0 21.9 0.0 87.9

Stroke 1.6 0.0 37 0.0 15.1
Smoker, % 23.7 23.5 241 0.78 24.0 24.3 0.96
Alcohol use, drinks/d 1.1 (5.5) 1.38.7) 0.9 (2.0) 0.15 0.9 (2.0) 0.8 (1.9) 0.30
Physical health conditions, % 54.3 52.2 57.3 0.03 55.6 62.6 0.03
Mental health conditions, % 22,5 20.5 25.4 0.02 23.8 30.3 0.01
AHI, events/h 2.3 (7.5) 1.2 (6.4) 3.8 (7.9) <0.01 3.6 (7.6) 45 (8.8) <0.01

0SA, % 10.6 6.2 16.6 <0.01 15.9 18.7 <0.01
Objective sleep duration, h 59 (1.2 6.2 (1.4) 5.6 (1.0) <0.01 5.6 (0.9) 5.7 (1.1) <0.01

<6 h, % 441 33.6 54.9 <0.01 57.0 48.8 <0.01
Total deaths, % 30.9 16.2 39.2 <0.01 35.1 53.9 <0.01

CBVD cause, % 12.6 5.7 16.5 <0.01 12.8 29.7 <0.01

Non-CBVD cause, % 18.3 10.4 22.7 <0.01 22.3 241 <0.01

Cancer cause, % 79 57 9.2 0.01 9.2 9.1 0.03
Other causes, % 104 4.7 13.6 <0.01 13.2 15.1 <0.01

Survival time, y 19.2 (5.2) 20.5 (3.9) 18.5 (5.7) <0.01 19.1 (5.4) 16.7 (6.4) <0.01

Alive, y 21.6 (2.3) 21.5 (2.3) 21.6 (2.3) 0.55 21.7 (2.3) 21.4 (2.1) 0.51

Deceased, y 14.0 (6.0) 14.9 (5.6) 13.8 (6.0) 0.09 14.2 (6.0) 12.4 (6.0) 0.01

Data are mean (SD) for continuous variables and percentage for binary variables. The reference group was absent of CMR and CBVD. AHI indicates apnea-hypopnea index;

BMI, body mass

index; CBVD, cardiovascular and cerebrovascular disease (ie, heart disease and/or stroke); CMR, cardiometabolic risk factor (ie, hypertension and/or diabetes mellitus); OSA, obstructive
sleep apnea (ie, AHI >5 events per hour of sleep).
*P value comparing reference vs CMR or CBVD (t-test and y? test were used to compare continuous and binary variables, respectively)
P value comparing reference vs CMR vs CBVD (ANOVA or Cochran-Mantel-Haenszel test was used to compare continuous and binary variables among the 3 groups, respectively).

Discussion

Our novel findings show that objective short sleep duration
increases the mortality risk of middle-aged adults with CMRs
and those who have already developed CBVD. Middle-aged
adults with CMR who slept <6 hours were at a high risk of
dying from CBVD, whereas middle-aged adults with CBVD who
slept <6 hours were at a high risk of dying from cancer. These
associations were independent of sex, age, race, smoking,
obesity, OSA, or other physical or mental health conditions. In
middle-aged adults without CMR or CBVD, sleeping <6 hours
was not associated with an increased risk of dying. If these
findings are replicated in other large cohorts with objective
sleep measures, short sleep duration should be included in

the prediction of the mortality prognosis of middle-aged
adults with CMR or CBVD.

The primary finding of the current study indicated that
there was an =2-fold risk for all-cause, CBVD, and non-CBVD
mortality in participants who had CMRs at baseline and
demonstrated short sleep duration in the sleep laboratory.
Individuals who had CMRs and normal sleep duration at
baseline, on the other hand, did not show a significantly
increased risk on any of the mortality outcomes. This finding
suggests that obtaining an adequate amount of sleep may
minimize the adverse effect of CMRs on multiple mortality
outcomes. For instance, participants with both CMRs and
short sleep at baseline showed an 83% higher risk of dying
from CBVD, whereas their CMR counterparts with normal
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Table 2. HRs and 95% Cls for All-Cause and Cause-Specific Mortality Associated With CMRs and CBVD: Role of Objective Sleep

Fernandez-Mendoza et al

Duration

Mortality No. of Deaths Overall >6 h <6 h

CMR or CBVD
All cause 416 1.82 (1.42-2.33)* 1.39 (0.97-1.99) 2.23 (1.60-3.12)
CBVD cause 175 2.06 (1.38-3.08) 1.77 (0.95-3.30) 2.27 (1.35-3.81)*
Non-CBVD cause 241 1.68 (1.23-2.29)* 1.21 (0.78-1.89) 2.20 (1.42-3.40)*
Cancer 97 1.49 (0.96-2.32) 0.89 (0.49-1.61) 2.62 (1.29-5.33)*
Other 144 2.08 (1.34-3.23)* 2.03 (1.01-4.10) 2.11 (1.21-3.68)*

CMR
All cause 291 1.77 (1.38-2.28)* 1.38 (0.95-2.01) 2.14 (1.52-3.02)
CBVD cause 106 1.64 (1.08-2.49) 1.35 (0.70-2.63) 1.83 (1.07-3.13)
Non-CBVD cause 185 1.64 (1.19-2.26)* 1.22 (0.77-1.92) 2.12 (1.36-3.32)*
Cancer 76 1.50 (0.95-2.36) 0.98 (0.54-1.79) 2.53 (1.23-5.22)*
Other 109 1.97 (1.25-3.09)* 1.83 (0.90-3.84) 2.02 (1.14-3.58)*

CBVD
All cause 125 2.75 (2.06-3.69)* 2.34 (1.48-3.69)* 3.17 (2.16-4.65)*
CBVD cause 69 3.69 (2.34-5.80)" 3.61 (1.77-7.38)* 3.81 (2.14-6.76)"
Non-CBVD cause 56 1.83 (1.24-2.72)* 1.22 (0.65-2.31) 2.45 (1.46-4.12)*
Cancer 21 1.45 (0.80-2.62) 0.55 (0.18-1.64) 2.92 (1.28-6.65)*
Other 35 2.51 (1.47-4.28)* 2.80 (1.17-6.69) 2.40 (1.23-4.65)*

HRs adjusted for age, race, sex, education, body mass index, smoking, alcohol use, apnea-hypopnea index, other physical health conditions, and mental health conditions. CBVD indicates

cardiovascular and cerebrovascular disease; CMR, cardiometabolic risk factor; HR, hazard ratio.

*P<0.05.

sleep duration had a modest 35% nonsignificant higher risk of
CBVD mortality (see Table S1 for mortality rates up to
20 years). Unlike individuals with CMRs, those with baseline
CBVD and normal sleep duration did not show better mortality
prognosis, as the presence of CBVD yielded similar HRs
(Table 2) and mortality rates (Table S1) among those who
slept <6 or >6 hours for dying from CBVD. This progression
from the risk factor level (CMR) to developing the actual
disease and dying from it (CBVD) deserves discussion in
terms of its potential underlying mechanisms. Previous
studies have shown that short sleep duration is associated
with impaired cardiac autonomic modulation, sympathetic
activation, endothelial dysfunction, subclinical atherosclero-
sis, and chronic low-grade inflammation.®2"333% |t is likely
that objective short sleep duration helps identify who among
those with CMRs are at greater risk of developing and dying
from CBVD because short sleep duration may be accelerating
the process of cardiovascular and metabolic dysfunction.
However, this process does not appear to apply to those
individuals who had already developed CBVD at baseline; it is
most likely that, if an adult has already developed CBVD, the
end-organ damage has already occurred through the vascular
mechanisms mentioned above and that normal sleep duration

does not preclude the adverse mortality outcome expected for
CBVD. Together, these data highlight the need of identifying
short sleep and improving sleep duration as early as the
person develops CMR as part of our preventative public health
strategies.

Moreover, the excess risk of cancer mortality was different
between individuals with CBVD who slept >6 and <6 hours.
Recent studies have indicated a strong association between
CBVD with the development of cancer morbidity and mortal-
ity.>> In our study, the risk of cancer mortality was not
significantly increased in individuals with CMR or CBVD who
had normal sleep duration, whereas this risk was ==3-fold
higher in individuals with CMR or CBVD who slept <6 hours.
The discrepancy between the role of objective sleep duration
in predicting CBVD mortality versus cancer mortality in those
who already had CBVD at baseline may be explained by
differences in disease causes. Although cardiovascular dys-
function (eg, myocardial infarction, congestive heart failure,
and pathological arrhythmias) may be the main mechanism of
CBVD mortality, in which short sleep duration has limited
impact once CBVD has been developed, short sleep duration
may significantly contribute to an altered immune response in
individuals with CBVD. In-laboratory and population-based
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Figure 1. Multivariable-adjusted survival curves for all-cause mortality associated with cardiometabolic
risk factors (CMRs) and cardiovascular and cerebrovascular disease (CBVD) at baseline. A, Survival curves
for all-cause mortality associated with CMRs or CBVD. B, Survival curves for all-cause mortality associated
with CMRs and CBVD. All data adjusted for age, race, sex, education, body mass index, smoking, alcohol use,
apnea-hypopnea index, other physical health conditions, and mental health conditions.

studies have shown that the sleep and circadian systems response to short sleep.®*3? Our data suggest that preser-
exert a strong regulatory influence on immune functions, vation of normal sleep duration in individuals with CBVD may
including immune suppression and low-grade inflammation in result in a lower cancer mortality rate (Table S1) and that
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Figure 2. Multivariable-adjusted survival curves for cause-specific mortality associated with cardiometabolic risk factors (CMRs) and
cardiovascular and cerebrovascular disease (CBVD) at baseline. A and B, Survival curves for CBVD mortality. C and D, Survival curves for
mortality from other non-CBVD causes. All data adjusted for age, race, sex, education, body mass index, smoking, alcohol use, apnea-hypopnea

index, other physical health conditions, and mental health conditions.

short sleep duration enhances this risk even when associated
with new-onset cancer (Table S2). The potential role of short
sleep duration in increasing the risk of cancer mortality in
individuals with CBVD in our study was further supported by
the data showing that the risk of mortality attributable to
other causes (neither CBVD nor cancer) in individuals with
CBVD at baseline was similar regardless of their objective
sleep duration (Table 2). These novel findings highlight the
role of short sleep in individuals who have already developed
CBVD as it pertains to their progression toward cancer and
associated mortality.

An important issue to be addressed in future longitudinal
studies is whether objective short sleep duration may be
associated with specific disturbances in sleep architecture or

regulation. For example, an underlying deficit in slow-wave
sleep®® or circadian misalignment*' may be in the causal
pathways examined herein.

This study has some limitations that should be taken into
account when interpreting our results. First, the objective
sleep duration in this study was based on one night of
polysomnography, which may be affected by the first night
effect, a phenomenon by which individuals sleep significantly
worse on the first night in the laboratory compared with other
consecutive nights after adaptation to the laboratory condi-
tions and environment has occurred.*? Also, the study lacked
an in-laboratory follow-up visit before death to examine the
trajectory of sleep duration over time. Nevertheless, our study
reinforces the need of objective sleep measures when
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predicting all-cause and cause-specific mortality given that
subjective sleep duration did not act as an effect modifier in
sensitivity analyses. Future studies should make use of
multiple night recordings as well as examine the longitudinal
trajectory of objective sleep duration. Second, we did not
have the ability to confirm the type of diagnoses for either
CBVD or other physical or mental health conditions, as
reported by the subjects during the clinical history and
physical examination using medical record data. Third,
although we examined all-cause mortality as well as the 2
leading causes of death, CBVD and cancer, we did not have
the ability to examine other non-CBVD causes of death
beyond cancer given the small number of deceased individ-
uals. Nevertheless, the associations found for those other
clustered non-CBVD causes of death had the expected HRs
and provided confidence about the reliability and validity of
our findings.

In conclusion, objective short sleep duration is an effect
modifier of the mortality risk associated with CMR or CBVD.
More important, our data suggest that short sleep may
operate through different mechanisms on CBVD versus
cancer mortality. The findings of this study set the foundation
for future studies that can tease out the underlying mecha-
nisms of the effect modification of short sleep on CBVD and
cancer mortality. Such studies should incorporate multiple
night recordings and circadian assessments and test our
hypotheses in more ethnically diverse samples, thereby
extending the generalizability of our findings. Clinically, these
data further support the inclusion of short sleep duration as a
novel, modifiable factor in assessing the prognosis of
individuals with CMR and CBVD. Our findings suggest that
individuals with CMR and CBVD with sleep complaints should
undergo a sleep study, not only to rule out sleep apnea, but
also to quantify their objective sleep duration, which can help
ascertain the biological severity of their sleep impairment.
Individuals with CMR or CBVD who demonstrate objective
short sleep duration may experience greater impairment in
sympathetic and immune regulation. Randomized clinical
trials are warranted to examine whether lengthening sleep via
pharmacological or behavioral therapies improves cardiovas-
cular, metabolic, and immune outcomes in individuals with
CMR or CBVD. Given the high prevalence of CMR and CBVD
and the need to better predict their prognosis, including their
evolution into cancer morbidity and mortality, the introduction
of novel, modifiable factors should be a primary public health
target.
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Table S1. Projected multivariable-adjusted mortality rates associated with cardiometabolic risk factors
(CMR) and cardio-cerebrovascular disease (CBVD): role of objective sleep duration.

All-cause mortality rate (%) at

15 years 20 years

Reference > 6h 6.5 (4.4-8.6) 12.7 (8.8-16.4)
Reference < 6h 6.0 (3.9-7.9) 11.6 (8.9-15.2)
CMR or CBVD > 6h 9.9 (7.7-12.1) 19.1 (15.2-22.7)
CMR or CBVD < 6h 13.5 (10.7-16.1) 25.4 (21.0-29.6)
Reference > 6h 6.4 (4.3-8.5) 12.7 (8.8-16.5)
Reference < 6h 6.0 (3.9-8.0) 11.8 (8.0-15.4)
CMR > 6h 8.8 (6.6-11.0) 17.3 (13.3-21.0)
CMR < 6h 12.2 (9.5-14.8) 23.4 (19.0-27.5)
CBVD > 6h 14.4 (9.4-19.2) 27.3 (18.6-35.1)
CBVD < 6h 17.8 (13.0-22.3) 33.0 (25.2-39.9)
CBVD mortality rate (%) at
15 years 20 years
Reference > 6h 2.3 (1.0-3.6) 4.0 (1.7-6.2)
Reference < 6h 2.1 (0.9-3.3) 3.7 (1.7-5.6)
CMR or CBVD > 6h 4.1 (2.5-5.6) 7.0 (4.6-9.4)
CMR or CBVD < 6h 4.8 (3.0-6.5) 8.2 (5.4-11.0)
Reference > 6h 2.3 (1.0-3.6) 4.0 (1.7-6.3)
Reference < 6h 2.2 (1.0-3.4) 3.9(1.8-5.9)
CMR > 6h 3.1 (1.8-4.5) 5.5 (3.2-7.6)
CMR < 6h 4.0 (2.4-5.5) 7.0 (4.4-9.5)
CBVD > 6h 8.0 (4.0-11.9) 13.8 (7.2-19.9)
CBVD < 6h 8.1 (4.5-11.6) 13.9 (8.1-19.4)

Cancer mortality rate (%) at

15 years 20 years
Reference > 6h 2.6 (1.2-3.9) 5.7 (3.0-8.3)
Reference < 6h 1.2 (0.3-2.1) 2.7 (0.8-4.6)
CMR or CBVD > 6h 2.2 (1.2-3.2) 5.0 (3.0-7.1)
CMR or CBVD < 6h 3.2 (1.8-4.6) 7.0 (4.4-9.6)
Reference > 6h 2.6 (1.2-3.9) 5.7 (2.9-8.4)
Reference < 6h 1.2 (0.3-2.1) 2.7 (0.8-4.7)
CMR > 6h 2.5(1.3-3.7) 5.6 (3.1-8.0)
CMR < 6h 3.0(1.5-4.4) 6.6 (3.7-9.5)
CBVD > 6h 1.4 (0.0-2.9) 3.2 (0.0-6.3)
CBVD < 6h 3.5(1.3-12.3) 7.8 (3.1-12.3)

The reference group was absent of CMR and CBVD. All data adjusted for age, race, sex, education, BMI,

smoking, alcohol use, AHI, other physical health conditions, and mental health conditions



Table S2. Hazard ratios and 95% confidence intervals for cancer mortality associated with
cardiometabolic risk factors (CMR) and cardio-cerebrovascular disease (CBVD) among subjects free of
cancer at baseline: role of objective sleep duration.

N=1,505 n Overall > 6 hours < 6 hours
Reference 29 1.00 1.00 1.00

CMR 66 1.56 (0.96-2.55) 1.12 (0.60-2.10) 2.61 (1.15-5.92)*
CBVD 19 1.62 (0.86-3.05) 0.48 (0.14-1.69) 3.62 (1.47-8.93)*

The reference group was absent of CMR and CBVD. Hazard ratios adjusted for age, race, sex, education, BMI,
smoking, alcohol use, AHI, physical health conditions, and mental health conditions; n = number of deaths from
cancer (among a total of 1,505 subjects without cancer at baseline, 114 died of cancer, 29 in the reference
group, 66 in the CMR group and 19 in the CBVD group) * P <0.05



