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Study Objectives: Short sleep duration and poor sleep quality are associated with adverse cardiovascular outcomes. Potential pathophysiological 
mechanisms include sleep-associated alterations in the autonomic nervous system. The objective of this study was to examine the associations of shorter 
sleep duration and poorer sleep quality with markers of autonomic tone: heart rate (HR), high-frequency HR variability (HF-HRV) and salivary amylase.
Methods: Cross-sectional analysis of data from actigraphy-based measures of sleep duration and efficiency and responses to a challenge protocol obtained 
from 527 adult participants in the Multi-Ethnic Study of Atherosclerosis.
Results: Participants who slept fewer than 6 h per night (compared to those who slept 7 h or more per night) had higher baseline HR (fully adjusted model 
0.05 log beats/min, 95% confidence interval [CI] 0.01, 0.09) and greater HR orthostatic reactivity (fully adjusted model 0.02 log beats/min, 95% CI 0.002, 
0.023). Participants who slept 6 to less than 7 h/night (compared to those who slept 7 h or more per night) had lower baseline HF-HRV (fully adjusted 
model −0.31 log msec2, 95% CI −0.60, −0.14). Participants with low sleep efficiency had lower baseline HF-HRV than those with higher sleep efficiency (fully 
adjusted model −0.59 log msec2, 95% CI −1.03, −0.15). Participants with low sleep efficiency had higher baseline levels of amylase than those with higher 
sleep efficiency (fully adjusted model 0.45 log U/mL, 95% CI 0.04, 0.86).
Conclusions: Short sleep duration, low sleep efficiency, and insomnia combined with short sleep duration were associated with markers of autonomic tone 
that indicate lower levels of cardiac parasympathetic (vagal) tone and/or higher levels of sympathetic tone.
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INTRODUCTION
Several large epidemiological studies have found that short 
sleep duration and poor sleep quality are associated with car-
diovascular disease (CVD). For example, short sleep duration 
and difficulty falling asleep were predictors of incident myo-
cardial infarction (MI) among women,1 sleep difficulty was as-
sociated with coronary heart disease (CHD) mortality among 
men,2 and insomnia symptoms predicted increased risk for 
acute MI in a large cohort of men and women3 and CVD mor-
tality in a cohort of men.4 Short sleep duration has also been 
associated with higher risk of coronary artery calcification,5 
and both short sleep duration and poor sleep quality have been 
associated with CVD risk factors including hypertension,6,7 
diabetes,8 and obesity.9

One pathophysiological mechanism that may explain 
these observations is alteration of the autonomic nervous 
system (ANS) with greater sympathetic activation and/or 
parasympathetic suppression. Studies with small samples 
of young volunteers have shown that sleep influences sym-
pathetic activity. Circulating levels of norepinephrine and 
epinephrine were lower during sleep than during wakeful-
ness10–12 as were heart rate and blood pressure.12 Insomnia 
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Significance
This study describes the associations between habitual sleep duration and sleep quality with measures of cardiac autonomic modulation in an attempt 
to improve understanding of the mechanisms of cardiovascular events in individuals with insufficient sleep. We investigated these associations in a sub-
cohort of a large population-based sample, the Multi-ethnic Study of Atherosclerosis (MESA), in which its participants had autonomic functional testing 
and objective measures of sleep duration and sleep quality during the MESA 5 examination from participants of three MESA field centers. The question 
examined in this article is of importance both clinically and in terms of public health because these findings indicate that short sleep duration and low 
sleep quality are associated with alterations of autonomic system modulation.

has been associated with abnormalities in autonomic modu-
lation13; however there are few studies of the relationship be-
tween sleep duration, especially under habitual conditions, 
and autonomic modulation. For example, in one study of 338 
individuals between 20 and 66 y old, participants who slept 
fewer than 6 h per night had higher resting heart rate (HR) 
when awake than those who slept 6 h or more.14 In another 
study, heart rate variability (HRV) measures were decreased 
in chronic sleep deprivation in a sample of 30 healthy college 
students.15

HR is influenced by the combined effects of both branches 
of the ANS, the sympathetic and parasympathetic nervous 
system. HRV measurements provide information about the 
function of the ANS16 and are derived from mathematical anal-
yses of the R-R intervals during normal sinus rhythm in the 
electrocardiogram (ECG). High-frequency HRV (HF-HRV) 
measures represent parasympathetic influences under normal 
circumstances,16 whereas low-frequency HRV (LF-HRV) mea-
sures represent both sympathetic and parasympathetic mod-
ulation.17 Decreased parasympathetic modulation has been 
associated with an increased risk for CVD and early mortality 
in a community sample,18 and mortality after MI.19
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Studies have also linked cardiovascular reactivity to stressors 
to cardiovascular outcomes. Exaggerated blood pressure reac-
tivity during psychological stress has been shown to predict 
hypertension20 and the presence of coronary artery calcium21 
and carotid atherosclerosis.22 Delayed blood pressure recovery 
from mental stress has also been associated with carotid ath-
erosclerosis.23 In addition, epidemiological studies have shown 
that increased heart rate, both at rest and in response to exer-
cise, are associated with cardiovascular mortality,24,25 whereas 
slow heart rate recovery immediately after exercise has been 
associated with higher risk of total mortality.26

Despite evidence linking sleep to sympathetic and para-
sympathetic activity, only a few small experimental studies 
have examined how sleep affects cardiovascular reactivity 
to a stress challenge. Some have found associations between 
sleep deprivation and cardiovascular reactivity27–29 but others 
have not.30 To our knowledge, only one study has evaluated 
the effect of habitual short sleep duration on subsequent HR 
and HRV responses to a stress challenge,31 but this study was 
restricted to a small sample of young adults.

Salivary alpha-amylase (sAA), a marker of sympathetic 
activity, has also been studied in psychophysiological re-
search.32,33 sAA increases immediately after stress and returns 
to baseline levels within 10 to 20 min.34 Associations have 
been reported between sAA reactivity to mental and physical 
stress and plasma norepinephrine,35 and shortened cardiac pre-
ejection period.36 sAA has also been found to be correlated with 
HR37 and with LF-HRV/HF-HRV ratio, which reflects sympa-
thovagal balance.34 A few studies have examined the associa-
tion of sleep with sAA responses to mental stress, but these 
have been restricted to children38 or healthy young adults.39 No 
reported study to our knowledge has evaluated the association 
of habitual sleep characteristics with sAA responses to mental 
stress in a population-based sample.

We hypothesized that: (1) participants whose sleep was of 
short duration or poor quality would have higher baseline 
(prestress challenge) HR, higher level of amylase, and lower 
HF-HRV compared to individuals who slept longer or better; 
(2) participants whose sleep was of short duration or of poor 
quality would have greater HR, HF-HRV, and amylase reac-
tivity to mental and orthostatic stress challenges compared to 
individuals who slept longer or better; (3) participants whose 
sleep was of short duration or of poor quality would have 
slower HR, HF-HRV, and amylase recovery from stress com-
pared to individuals who slept longer or better.

METHODS

Participants
The Multi-Ethnic Study of Atherosclerosis (MESA) is a lon-
gitudinal study designed to investigate risk factors for sub-
clinical CVD. At baseline (Exam 1) in 2000–2002, MESA 
recruited 6,814 men and women who were 45 to 84 y old, 
free of clinical CVD, and from six US communities.40 MESA 
was approved by the institutional review board at each field 
center, and all participants gave written informed consent at 
each examination. Our sample was recruited at MESA Exam 
5 (2010–2012) at three of the six MESA field centers, namely 

Columbia, University of California, and John Hopkins, where 
both the challenge test protocol (stress study) and sleep assess-
ments (sleep study) were conducted. The stress study excluded 
participants with night shift jobs. The sleep study excluded 
subjects if they used oral airway support devices, nocturnal 
oxygen, or nightly continuous positive airway pressure. We 
also excluded from analysis participants who slept fewer than 
3 h per night (n = 11) and participants who slept 9 h or more 
per night (n = 11).

In the cardiovascular (HR and HRV) part of the challenge 
test, a total of 1,119 participants were enrolled. We excluded 
230 participants because of missing HR values data at all mea-
surements in the protocol, failure to complete both mental 
stress tasks, or color blindness. We further excluded 362 ad-
ditional participants who did not have actigraphy-based mea-
sures of sleep duration and efficiency. Our final analytic data 
for HR/HRV was based on 527 persons with 3,450 HR/HRV 
measures.

In the hormonal (amylase) part of the challenge test, a total 
of 1,040 participants were enrolled, providing 4,040 salivary 
samples. We excluded participants who were missing all 4 sa-
liva amylase values (n = 18) or whose values were in the top 1% 
of the baseline sample because they were considered extreme 
values (n = 10 observations). We then excluded participants 
who were color blind or failed to complete both mental tasks 
(n = 35), or who did not have actigraphy-based measures of 
sleep duration and efficiency (n = 424). Given that beta adren-
ergic antagonists reduce the secretion of alpha amylase,33 we 
further excluded participants who used beta blockers (n = 104). 
Additionally, we excluded participants who used oral steroids 
(n = 5). Our final analytic data for amylase was based on 454 
persons with 1,736 amylase measures.

Sleep Protocol
The MESA Sleep Protocol included 7-day actigraphy (Ac-
tiwatch Spectrum, Philips Respironics, Murrysville, PA), 
1-night home polysomnography, a sleep diary, and a sleep ques-
tionnaire. Actigraphic data during 30-sec epochs were scored 
as sleep or wake by Actiware-Sleep v.5.59 analysis software 
(Mini Mitter Co., Inc., Bend, OR) after manually editing the 
sleep period using sleep diary data and event and light markers. 
A validated algorithm41 was used to calculate the activity count 
for each epoch. Intrascorer intraclass correlation coefficients 
for average sleep duration and sleep efficiency were 0.91 and 
0.97, respectively.

Sleep variables were averaged across all nights that the ac-
tigraph was worn. Sleep duration was defined as the average 
duration of sleep between sleep onset (sleep start time) and 
morning wakening (sleep end time) while in bed after lights 
off. It was calculated by dividing the sum of the recorded min-
utes of sleep by the total number of main sleep periods. We 
categorized sleep duration as 3 or more or less than 6 h per 
night, 6 to 6.9 h per night, and 7 to 8.9 h per night (reference 
group). In an extended analysis, sleep duration was also ana-
lyzed using a cut point of 7 h consistent with previous studies.42 
Both cut points were examined because there is no consensus 
on the definition of short sleep duration. Sleep efficiency was 
defined as the percentage of time in bed after lights off spent 
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sleeping. It was calculated by dividing the sum of sleep min-
utes by the sum of minutes after lights off during main sleep in-
tervals recorded, and multiplying by 100. Sleep efficiency was 
categorized as low sleep efficiency (< 85%) or higher sleep effi-
ciency (≥ 85%) consistent with previous studies.43,44 Insomnia, 
a subjective measure of sleep quality, was assessed based on 
self-report using the Women’s Health Insomnia Rating Scale 
(WHIIRS), a 5-item questionnaire design to evaluate insomnia 
symptoms. The summary score ranged from 0 to 20. A score 
of 9 or higher is considered clinically significant insomnia.45 
In an extended analysis, we investigated the joint effect of 
sleep duration and insomnia, for which we constructed the fol-
lowing categories: 3 to 6.9 h/night with insomnia (< 7 h with 
insomnia), 3 to 6.9 h/night with no insomnia (< 7 h with no in-
somnia), 7 to 8.9 h/night with insomnia (≥ 7 h with insomnia), 
and 7 to 8.9 h/night with no insomnia (≥ 7 h with no insomnia) 
(reference group).

Stress Challenge Protocol (Mental and Orthostatic Stress)
Participants were asked to minimize physical exercise during 
the hour preceding the test and not to consume large meals, 
drink coffee, or smoke. After arriving at the laboratory and re-
ceiving instructions, each participant was connected to physi-
ological monitors.

Two mental stress tasks were administered via computer 
during a standard laboratory psychophysiology protocol while 
participants were in the seated position. For both tasks, partici-
pants were told their performance on the tasks would be evalu-
ated for both speed and accuracy. The protocol began with a 
resting baseline (11 min) followed by two mental stress tasks 
(6 min each) and a corresponding recovery period after each 
mental task (6 min each). Mental stress task presentation order 
was counterbalanced between subjects to minimize order ef-
fects. Responses to the tasks were captured on a keypad. 
Participants were instructed to remain silent throughout the 
protocol.

Mental Stressors
Tasks were presented on a computer monitor; participants en-
tered responses on a numeric keypad with their dominant hand. 
Tasks administration timing was controlled and synchronized 
to the physiological data acquisition via microcomputer. The 
Morgan and Turner Hewitt (MATH) task46 involved the pre-
sentation on a computer screen for 1.5 sec of pairs of numbers 
to be added or subtracted. Then, the word “equals” for 1.0 sec; 
followed by a possible answer to the problem for 1.0 sec, during 
which the participant used a keypad to indicate whether the 
presented solution was correct or not. Problems were ranked 
along five difficulty levels; response accuracy on each trial ad-
justed the difficulty of the next trial. A modified version of 
the Stroop color-word conflict task involved the presentation of 
one of four-color name words (blue, green, yellow, or red) on a 
screen in a font color that either did or did not match the color 
name. When the color name stimulus appeared on the screen, 
the participant had to press the key on a keypad corresponding 
to the color of the font. To standardize the level of engagement, 
the presentation rate increased with better performance and 
decreased with poorer performance.

Each mental stress was followed by a 6-min recovery, in 
which participants remained sitting quietly. Following the 
mental tasks and their recovery periods, participants com-
pleted a 6-min physical challenge test (orthostatic stress) that 
consisted of assuming and holding a standing position. This 
last period was followed by a 30-min recovery period. Partici-
pants were continuously monitored by ECG to collect HR and 
HRV data throughout the challenge protocol (Figure 1).

HR and HRV
Continuous measures of ECG were recorded during each pe-
riod in the protocol (Figure 1). The beat-to-beat intervals de-
rived from the ECG waveforms during each period were used 
to calculate average HR and HRV for each period. Average HR 
and HRV during mental stress was calculated as the average 
of the two averages for the stress periods (MS1 and MS2 in 
Figure 1), and similarly for during recovery (periods R1 and 
R2 in Figure 1). ECG electrodes were placed on the left and 
right shoulders, and in the left lower quadrant. Stretch bands 
were placed around the participant’s chest and abdomen to 
measure respiration. Analog ECG signals were digitized at 
500 Hz by a Datacq9 cardiopulmonary monitor (Medelex, Inc., 
New York, NY) and passed to a microcomputer for R-wave 
detection implemented by custom-written software (Graphical 
Acquisition, and Marking; Author: Delano MacFarlane, PhD), 
resulting in an RR interval time series. Errors in marking of 
R-waves were corrected interactively.47,48

Mean HR and spectral power in the high frequency band 
(0.15–0.40 Hz [HF]) were computed from up to 5-min epochs 
using an interval method for computing Fourier transforms.49 
Prior to analysis, the RR interval was filtered using a Hanning 
window,50 and power in the HF and LF bands was summed and 
adjusted for attenuation produced by the filter.50

Saliva Collection
Four saliva samples were collected using a cotton oral swab 
during the challenge protocol. After participants entered the 
examination they were asked to rest in a sitting position while 
receiving instructions and were connected to the various phys-
iological monitors. Samples were collected after this resting 
period of approximately 13 min (Sample 1); immediately after 
the completion of the mental tasks and their respective re-
covery periods (Sample 2), around 38 min after Sample 1; after 
completion of the orthostatic stress (Sample 3), around 17 min 
after Sample 2; and after the 30-min recovery period at the end 
of the stress challenge protocol (Sample 4), around 30 min after 
Sample 3 (Figure 1). Saliva samples were stored at −20° C until 
analyses. After thawing, salivettes were centrifuged at 3,000 
rpm for 5 min. Concentrations of alpha-amylase in saliva were 
measured using an enzyme kinetic method.33 Intravariability 
and intervariability coefficient of variation for the amylase of 
the assay were < 8% and < 12%.

Covariates

Covariates Used for Analysis of HR and HRV
Models of the association of sleep with HR/HRV were ad-
justed for factors known to affect heart rate,51 specifically age, 
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Figure 1—Representation of time course of heart rate (HR), high-frequency heart rate variability (HF-HRV), and amylase measurements during the Stress 
Challenge. Red lines represent 300 second interval. MS, mental stressor; R, recovery; U, orthostatic stressor.
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sex, race/ethnicity (African American, Hispanic, or white 
[reference]), income-wealth index, body mass index (kg/m2), 
smoking status, and alcohol consumption as of MESA Exam 5. 
Smoking status was categorized as current and recent smoker 
(quit less than 1 y ago), past smoker (quit more than 1 y ago), 
or never smoker. Alcohol consumption was classified as yes/
no. Other covariates were diabetes and use of medications. 
Diabetes mellitus status was categorized according to the 2003 
criteria of the American Diabetes Association as normal, im-
paired fasting glucose, untreated diabetes, and treated diabetes. 
We also classified diabetes status as no (normal) versus yes 
(treated or untreated diabetes and impaired fasting glucose). 
Use of medications was categorized as yes if the participant 
used anti-hypertensive medications, medications for sleep and 
mood, or sympathomimetic medications; or no if the partici-
pant did not use those specific medications. Analyses were 
also adjusted for sleep efficiency when the main predictor was 
sleep duration and for sleep duration when sleep efficiency was 
the main predictor. Additionally, we adjusted for the apnea-
hypopnea index (AHI) and for average time spent in daytime 
naps. Overnight polysomnography was performed at the par-
ticipants home as described before,52 and provided the AHI, 
which represents the sum of all apneas and hypopneas asso-
ciated with ≥ 3% desaturation per hour of sleep. Naps were 
assessed from the actigraphy data and defined as the average 
sleep time in naps of 15 min or more per day across all days.

Covariates Used for Analysis of Amylase
For amylase, we adjusted for sleep duration or sleep efficiency, 
and for the AHI and same covariates (demographics, lifestyle 
behaviors and medical problems) as above. Given the poten-
tial for amylase to be influenced by several medications, we 
adjusted for medications that we found were the most influen-
tial in responses to stress when we compared participants who 
used that medication with those who did not, and those medi-
cations were inhaled steroids, hormone replacement therapy 
and antipsychotic medications. Beta-blockers and oral steroids 
were also very influential and we excluded participants using 
them as mentioned above.

Statistical Analyses
We examined participant characteristics by categories of sleep 
duration and efficiency. Differences in outcome variables and 
covariates by these categories were evaluated by analysis of 
variance, Kruskal-Wallis test, or chi-square tests. HR, HRV, 
and amylase were transformed using the natural logarithm 
because of skewed distributions. We used linear mixed effect 
models to account for the intra-individual correlation of the 
repeated measures of the outcomes.

Modeling HR and HRV
Linear mixed-effects models were used to estimate associa-
tions of sleep with HR and HRV at baseline and in responses 
to the stress challenge. In these models repeated measures of 
the outcomes were modeled as a function of stress task period, 
sleep, and interactions of sleep with time period in order to es-
timate associations of sleep with stress reactivity and recovery. 
Stress task period was modeled using three dummy variables 

representing three periods (with baseline period as reference 
group): mental stress task, recovery from mental stress, and or-
thostatic stress task (the last period in the procedure) (Figure 1). 
Up to seven repeated measures were available for each indi-
vidual (two at baseline, one during each of the mental stress 
periods, one during each of the recovery periods from mental 
stress, and one during the orthostatic challenge). Models in-
cluded a random intercept for each person (to account for cor-
relation between repeated measures over time within a person) 
and random slope of mental stress task indicator to allow for 
interindividual variability in reactivity. Robust standard er-
rors were reported. Covariates were entered in the models as 
main effects and as two-way interaction terms with each of the 
stress task periods.

HR and HRV responses to stress challenge analyzed were: 
(1) mental stress reactivity responses (HR/HRV at stress 
task – HR/HRV at baseline); (2) recovery from stress task re-
sponse (HR/HRV at recovery − HR/HRV at stress task); (3) 
orthostatic reactivity response (HR/HRV at orthostatic – HR/
HRV at baseline). A more positive value of the HR stress re-
activity response meant greater HR reactivity. A more nega-
tive value of the HRV stress reactivity response meant greater 
HRV reactivity during the stress challenge task(s). A more 
negative value of the HR recovery response meant greater HR 
recovery. A more positive value of the HRV recovery response 
meant greater HRV recovery from the stress challenge task(s) 
(Figure 2).

A sequence of models was run with various adjustments. 
Model 1 was adjusted for age as a continuous variable, sex, 
race/ethnicity, income-wealth, and respiratory rate (for HF-
HRV as the outcome). Model 2 included covariates in model 1 
plus sleep efficiency (for sleep duration as the main predictor) 
or sleep duration (for sleep efficiency as the main predictor) 
and body mass index, smoking, alcohol use, diabetes, and 
medications (antihypertensive medications, antidepressants, 
sympathomimetic medications, and medications for sleep and 
mood). Model 3 was further adjusted for covariates included in 
model 2 plus sleep apnea. Model 4 was adjusted for covariates 
included in model 3 plus naps (h/day). We adjusted for naps 
because of reported benefit among young adults and the el-
derly,53 although studies have also reported that naps increase 
cardiovascular mortality in the elderly.54

From HR and HR variability modeling, we obtained mean 
differences in log transformed HR/HRV at baseline and mean 
differences in response to stress challenge classified by sleep 
duration, sleep efficiency and insomnia symptoms.

Modeling Amylase
As mentioned before, salivary amylase during the stress pro-
tocol was assessed at time points as opposed to HR/HRV mea-
sures that were assessed continuously; therefore, to analyze 
the associations of sleep measures with amylase at baseline 
and in responses to the stress challenge we simultaneously 
modeled the responses of amylase to the entire stress challenge 
protocol using piecewise mixed models with two knots. This 
modeling used all four salivary samples, and the knots were 
chosen based on the time when second and third samples were 
collected (on average 38 min and 55 min after the start of the 
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Figure 2—Mean and standard deviation (SD) of log-transformed heart rate (HR), log-transformed high-frequency heart rate variability (HF-HRV) and log-
transformed amylase for the whole population during the MESA Stress Protocol.
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stress challenge protocol). The model estimates associations of 
predictors with baseline amylase level and change in amylase 
level over each response over the entire examination period. 
Models also included individual random intercept and random 
slopes on the first and third spline of time. All covariates were 
entered in the models as main effects and as two-way interac-
tion terms with the three spline pieces. Robust standard errors 
are reported.

Amylase responses to stress challenge analyzed in 
this study were: (1) mental stress reactivity response 
(second sample – first sample); (2) orthostatic reactivity re-
sponse (third sample – first sample); and (3) recovery from 
stress task response (fourth sample – second sample). A more 
positive value of the stress reactivity response meant that am-
ylase levels rose sharply after the stress challenge task(s). A 
more negative value of the recovery response meant that amy-
lase levels fell sharply after the stress challenge (Figure 2).

A similar sequence of models was used as discussed, except 
that we adjusted for hormone replacement therapy and inhaled 
steroids, and we did not adjust for naps.

From amylase modeling, we obtained mean differences in 
log transformed amylase at baseline and mean differences in re-
sponse to stress challenge by sleep duration, and sleep efficiency.

RESULTS
The 527 participants included 285 women and 242 men from 
three different race/ethnic backgrounds, Hispanic (42%), 
African-American (31%), and white (27%). Participant char-
acteristics classified according to sleep duration and sleep 
efficiency are shown in Table 1. Participants with insomnia 
symptom (Women’s Health Initiative Insomnia Rating Scale 
(WHIIRS) = 13 ± 3) and participants without insomnia symp-
toms (WHIIRS = 5 ± 2, P < 0.0001) did not differ in terms of 
sleep duration, sleep efficiency, sleep apnea, or naps. Pearson 
correlation coefficients among the sleep parameters are shown 
in Table S1 in the supplemental material.

Consistent with expectation, heart rate and amylase in-
creased with mental and orthostatic stress and declined during 
recovery, whereas HF-HRV decreased with mental and ortho-
static stress and increased during recovery (Figure 2).

Table 1—Characteristics of participants (n = 527) by sleep duration and sleep efficiency, MESA.

Sleep Duration (h/night) a Sleep Efficiency (%) b

< 6
(n = 173)

6 to < 7
(n = 185)

≥ 7
(n = 169) p c < 85

(n = 54)
≥ 85

(n = 473) p c

Demographics
Age (y) 67.7 ± 9.2 68.1 ± 8.3 69.0 ± 8.9 NS 69.4 ± 7.8 68.1 ± 8.9 < 0.05
Male 86 (50) 91 (49) 65 (39) NS 34 (63) 208 (44) NS
Race/ethnicity   < 0.0001 NS

White 27 (16) 48 (26) 68 (40) 11 (20) 132 (28)
Black 78 (45) 59 (32) 26 (15) 18 (33) 145 (31)
Hispanic 68 (39) 78 (42) 75 (44) 25 (46) 196 (41)

Income-Wealth Index 3.9 ± 2.2 4.5 ± 2.2 4.4 ± 2.3 0.03 4.3 ± 2.4 4.3 ± 2.2 NS

Lifestyle Characteristics
BMI 30.7 ± 5.8 29.6 ± 5.1 28.1 ± 4.6 < 0.0001 30.2 ± 6.2 29.4 ± 5.2 NS
Current smokers 19 (11) 14 (8) 11 (7) NS 4 (7) 40 (9) NS
Alcohol consumption 65 (38) 74 (40) 76 (45) NS 22 (41) 193 (41) NS
Hypertension 106 (61) 103 (56) 99 (59) NS 32 (59) 276 (58) NS
Diabetes 67 (39) 84 (46) 58 (35) NS 29 (54) 180 (38) < 0.05
Depression CESD > 16 36 (21) 23 (13) 25 (15) NS 12 (23) 72 (15) NS
Steroids users d 14 (8) 2 (1) 3 (2) < 0.001 16 (3) 3 (6) NS
Antihypertensive users 104 (60) 99 (54) 93 (55) NS 32 (59) 264 (56) NS
Hormone therapy users 4 (2) 7 (4) 9 (5) NS 0 20 (4) NS
Antidepressant users e 15 (9) 17 (9) 27 (16) NS 5 (9) 54 (11) NS

Sleep Variables
Sleep duration (h/night) – – – 5.7 ± 1.1 6.5 ± 1.1 < 0.05
Sleep efficiency < 85% 29 (17) 20 (11) 5 (3) < 0.0001 82 ± 3 90 ± 3 < 0.05
AHI ≥ 15 f 93 (62) 96 (56) 88 (57) NS 37 (76) 240 (56) < 0.05
Naps (min/day) g 61 ± 51 34 ± 33 30 ± 34 < 0.0001 42 ± 46 41 ± 42 NS

Values presented as n (%) or mean ± standard deviation. a Average sleep duration (h/night) in this sample was between > 3 h/night and < 9 h/night. b Average 
sleep efficiency (%) in this sample was between 71.6% and 96.1%. c Either chi-square or t-test/analysis of variance or Kruskal-Wallis test for variables 
nonnormally distributed. d Oral and inhalers. e Including medication for sleep and mood (including benzodiazepines). f All apneas and hypopnea per hour 
of sleep with ≥ 3% or greater oxygen desaturation index. g All average sleep time in naps per day across all days when only naps with ≥ 15 min of sleep 
time are counted. AHI, apnea-hypopnea index; BMI, body mass index; CESD, Center for Epidemiologic Studies Depression Scale; SD, standard deviation.
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Sleep Duration and HR and HF-HRV at Rest and in Response to 
Challenge
Table 2 shows mean differences in log-transformed heart rate 
in beats/min and 95% confidence intervals (CIs) at baseline and 
mean differences in response to the stress challenge comparing 
participants who slept fewer than 6 h per night and those who 
slept 6 to 6.9 h per night to those who slept 7 to 8.9 h per night 
(reference group). At baseline, participants who slept fewer than 
6 h per night had higher levels of HR than those who slept 7 to 
8.9 h per night in models 1, 3 and 4 (mean difference at fully 
adjusted model 0.05 log beats/min, 95% CI 0.01, 0.09 or 5% dif-
ference in HR [beats/min], 95% CI 0.6, 90). This is interpreted 
as those who slept fewer than 6 h per night had 5% higher base-
line HR (beats/min) than those who slept 7 to 8.9 h per night. 
Compared to those who slept 7 to 8.9 h per night, participants 
who slept fewer than 6 h per night had greater HR reactivity 
to mental stress in models 1 and 2, but the association was not 
significant after adjustment for sleep apnea (model 3) and sleep 
apnea and naps (model 4). Participants who slept fewer than 6 
hours per night also had greater HR orthostatic reactivity than 
those who slept 7 to 8.9 h per night only in models 3 and 4 

(mean difference at fully adjusted model 0.013 log beats/min, 
95% CI 0.002, 0.023) (Table 2). Participants who slept 6 to 6.9 h 
per night did not differ from those who slept 7 to 8.9 h per night 
in levels of HR at baseline or in response to challenge (Table 2).

When we explored 7 h per night as a cut point for sleep 
duration, participants who slept fewer than 7 h per night had 
greater HR reactivity to the stress challenge than participants 
who slept 7 h or more per night in models 2 and 3 but not in 
model 4 (after adjustment for naps) (Table S2 in the supple-
mental material).

When we excluded 34 participants who had any CVD event 
(definitive angina pectoris, definitive myocardial infarction, 
percutaneous transluminal coronary angioplasty, coronary by-
pass graft or stroke) prior to MESA Exam 5, when the sleep 
data were collected, participants who slept fewer than 6 h per 
night had higher baseline values of HR and greater HR or-
thostatic reactivity than those who slept 7 to 8.9 h per night. 
In general, the estimates (and significance) obtained after ex-
cluding participants with any CVD event were a little larger 
that estimates before excluding them (Table S3 in the supple-
mental material).

Table 2—Mean differences in log-transformed heart rate at baseline and mean differences in responses to stress challenge by sleep duration at less 
than 6 hours (173 participants) and 6 to 6.9 hours (185 participants) versus 7 to 8.9 hours or more (169 participants). 

< 6 h vs. ≥ 7 to 8.9 h (ref) 
HR (log (beats/min))

6 to 6.9 h vs. ≥ 7 to 8.9 h (ref)
HR (log (beats/min))

Mean Differences 95% CI Mean Differences 95% CI
Baseline

Model 1 0.0364 0.001, 0.072** 0.0193 −0.015, 0.053
Model 2 0.0349 −0.002, 0.072* 0.0142 −0.020, 0.049
Model 3 0.0422 0.004, 0.081** 0.0140 −0.022, 0.050
Model 4 0.0460 0.006, 0.086** 0.0142 −0.022, 0.050

Reactivity to Mental Stress a

Model 1 0.0118 0.001, 0.023** 0.0075 −0.003, 0.018
Model 2 0.0133 0.002, 0.025** 0.0088 −0.002, 0.019
Model 3 0.0112 −0.001, 0.023* 0.0097 −0.001, 0.021
Model 4 0.0101 −0.003, 0.023 0.0096 −0.001, 0.021

Recovery from Mental Stress b

Model 1 −0.0015 −0.013, 0.010 −0.0034 −0.014, 0.007
Model 2 −0.0031 −0.014, 0.008 −0.0041 −0.015, 0.006
Model 3 −0.0009 −0.013, 0.011 −0.0035 −0.015, 0.008
Model 4 0.0010 −0.012, 0.014 −0.0034 −0.014, 0.008

Reactivity to Orthostatic Stress c

Model 1 0.0076 −0.002, 0.017 −0.0002 −0.009, 0.009
Model 2 0.0090 −0.0004, 0.018* 0.0013 −0.008, 0.010
Model 3 0.0115 0.002, 0.021** 0.0019 −0.007, 0.011
Model 4 0.0126 0.002, 0.023** 0.0019 −0.007, 0.011

n = 3,450 observations. A more positive coefficient for the reactivity associated with shorter sleep duration means a greater increase in HR response 
to the stressor (greater reactivity); a more negative coefficient for recovery associated with shorter sleep duration means a greater HR recovery 
from the stressor. a Reactivity to mental stress by sleep duration = HR at mental stress − HR at baseline. b Recovery from mental stress by sleep 
duration = HR at recovery − HR at mental stress. c Reactivity to orthostatic stress by sleep duration = HR at orthostatic stress − HR at baseline.  
Model 1 = age, sex, race/ethnicity, income-wealth index. Model 2 = model 1 plus body mass index, smoking, alcohol consumption, medications 
(antihypertensive, antidepressants, sympathomimetic medications and medication for sleep and mood), diabetes and sleep efficiency. Model 3 = model 2 
plus sleep apnea. Model 4 = model 3 plus naps (h/day). CI, confidence interval; HR, heart rate. *p < 0.1, **p < 0.05.
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Table 3 shows mean differences in log transformed HF-
HRV (log (msec2) and 95% CIs at baseline and mean dif-
ferences in response to the stress challenge comparing 
participants who slept fewer than 6 h per night and those who 
slept 6 to 6.9 h per night to those who slept 7 to 8.9 h per 
night (reference group). Participants who slept fewer than 6 
h per night did not differ from those who slept 7 to 8.9 h per 
night in levels of HF-HRV at baseline or in response to chal-
lenge (Table 3). At baseline, participants who slept 6 to 6.9 h 
per night had lower levels of HF-HRV than those who slept 
7 to 8.9 h per night in all four models (mean difference at 
fully adjusted model −0.31 log msec2 95% CI −0.60, −0.01). 
Participants who slept 6 to 6.9 h per night did not differ from 
those who slept 7 to 8.9 h per night in levels of HF-HRV in 
response to challenge (Table 3).

When we explored 7 h per night as a cut point for sleep 
duration, participants who slept fewer than 7 h per night had 
significantly lower HF-HRV levels at baseline in all models, 
and greater increase in HF-HRV during recovery from mental 
stress in all models compared to those who slept 7 h or more 
per night (Table S3). The findings at baseline were consistent 

with the findings when sleep duration was categorized as fewer 
than 6 h per night, 6 to 6.9 h per night and 7 h or more per 
night. The greater increase in HF-HRV during recovery for 
those who slept fewer than 7 h per night may be explained 
because the change in value of HF-HRV between recovery and 
mental stress was larger in those who slept fewer than 7 h per 
night compared to those who slept 7 h or more per night.

Sleep Efficiency and HR and HF-HRV at Rest and in Response 
to Challenge
Table 4 shows mean differences in log-transformed HR (beats/
min) and HF-HRV (msec2) and 95% CIs at baseline and mean 
differences in response to the stress challenge comparing low 
versus higher sleep efficiency. Participants with low sleep ef-
ficiency did not differ from those with higher sleep efficiency 
in levels of HR at baseline or in response to challenge (Table 4). 
For HF-HRV, at baseline, participants with low sleep efficiency 
had lower levels of HF-HRV than those with higher sleep effi-
ciency (mean difference at fully adjusted model −0.59 log msec2, 
95% CI −1.03, −0.15). Low sleep efficiency was not associated 
with HF-HRV responses to the stress challenge (Table 4).

Table 3—Mean differences in log-transformed high-frequency heart rate variability at baseline and mean differences in responses to stress challenge by 
sleep duration at 6 hours or less (173 participants) and 6 to 6.9 hours (185 participants) vs. ≥ 7 to 8.9 hours (169 participants). 

< 6 h vs. ≥ 7 to 8.9 h (ref) 6 to 6.9 h vs. ≥ 7 to 8.9 h (ref)
HF-HRV (log(msec2)) HF-HRV (log(msec2))

Mean Differences 95% CI Mean Differences 95% CI
Baseline

Model 1 −0.150 −0.438, 0.139 −0.398 −0.673, −0.124***
Model 2 −0.108 −0.403, 0.186 −0.343 −0.617, −0.068**
Model 3 −0.121 −0.436, 0.193 −0.307 −0.599, −0.016**
Model 4 −0.128 −0.458, 0.202 −0.306 −0.598, −0.014**

Reactivity to Mental Stress a

Model 1 −0.115 −0.272, 0.043 −0.064 −0.214, 0.085
Model 2 −0.117 −0.279, 0.046 −0.063 −0.214, 0.087
Model 3 −0.102 −0.275, 0.072 −0.078 −0.237, 0.082
Model 4 −0.130 −0.312, 0.053 −0.080 −0.240, 0.079

Recovery from Mental Stress b

Model 1 0.117 −0.041, 0.275 0.127 −0.023, 0.276
Model 2 0.125 −0.037, 0.288 0.127 −0.024, 0.278
Model 3 0.108 −0.066, 0.282 0.131 −0.029, 0.292
Model 4 0.101 −0.082, 0.284 0.131 −0.029, 0.292

Reactivity to Orthostatic Stress c

Model 1 −0.023 −0.188, 0.142 0.116 −0.042, 0.274
Model 2 −0.015 −0.185, 0.154 0.116 −0.044, 0.275
Model 3 −0.051 −0.230, 0.127 0.136 −0.032, 0.303
Model 4 −0.127 −0.315, 0.062 0.131 −0.036, 0.299

n = 3,450 observations. A more negative coefficient for the reactivity associated with shorter sleep duration means a greater HF-HRV reduction in response 
to the stressor, a more positive coefficient for recovery associated with shorter sleep duration means a greater increase in HF-HRV during recovery. 
a Reactivity to mental stress by sleep duration = HF-HRV at mental stress − HF-HRV at baseline. b Recovery from mental stress by sleep duration = HF-
HRV at recovery − HF-HRV at mental stress. c Reactivity to orthostatic stress by sleep duration = HF-HRV at orthostatic stress − HF-HRV at baseline.  
Model 1 = age, sex, race/ethnicity, income-wealth index, respiratory rate. Model 2 = model 1 plus body mass index, smoking, alcohol consumption, medications 
(antihypertensive, antidepressants, sympathomimetic medications and medication for sleep and mood), diabetes and sleep efficiency. Model 3 = model 2 plus 
sleep apnea. Model 4 = model 3 plus naps (h/day). CI, confidence interval; HF-HRV, high-frequency heart rate variability. **p <0.05, ***p < 0.01.
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When we excluded 34 participants with CVD events, the es-
timates and significance of the results (Table S4 in the supple-
mental material) did not different significantly for the results 
showed in Table 4.

Joint Effect of Sleep Duration and Insomnia
Participants who slept fewer than 7 h per night and who reported 
insomnia had greater HR orthostatic reactivity compared to 
those who slept 7 h or more per night with no insomnia (refer-
ence group) in all models (mean difference at fully adjusted 
model 0.02 (log [beats/min]), 95% CI 0.006, 0.029) (Table S5 
in the supplemental material).

Participants who slept fewer than 7 h per night who reported 
insomnia had greater HF-HRV mental reactivity compared 
to those who slept 7 h or more per night with no insomnia in 
all models (mean difference at fully adjusted model −0.29 log 
msec2, 95% CI −0.50, −0.07), and a greater increase in HF-HRV 
during recovery in all models (mean difference at fully adjusted 

model 0.25 log msec2, 95% CI 0.04, 0.47), compared to those 
who slept 7 h or more per night with no insomnia (reference 
group) (Table S6 in the supplemental material).

Sensitivity Analysis
Within each period of the challenge protocol, HR/HRV data 
was obtained at epoch duration between 180 and 300 seconds. 
We included 102 observations with epoch duration different 
than 300 sec (180 or 240 sec) in which HR/HRV data was col-
lected. Estimates obtained after excluding observations based 
on data obtained from only epoch duration 300 sec did not 
differ from the estimates obtained without excluding those 
observations.

Sleep Duration and Sleep Efficiency and Amylase at Rest and 
in Response to Challenge
Table 5 shows the estimates and 95% CIs in amylase at base-
line and responses to the stress challenge by sleep duration and 

Table 4—Mean differences in log-transformed heart rate (log (beats/min) and high-frequency heart rate variability (log (msec2)) at baseline and mean 
differences in responses to stress challenge by sleep efficiency.

Sleep Efficiency (Low vs. Higher)
Heart Rate HF- HRV

Mean Differences 95% CI Mean Differences 95% CI
Baseline

Model 1 0.0255 −0.025, 0.076 −0.609 −1.049, −0.170***
Model 2 0.0139 −0.036, 0.064 −0.596 −1.018, −0.173***
Model 3 0.0112 −0.041, 0.064 −0.599 −1.038, −0.160***
Model 4 0.0096 −0.043, 0.062 −0.586 −1.026, −0.145***

Reactivity to Mental Stress a

Model 1 −0.0029 −0.018, 0.012 0.006 −0.205, 0.218
Model 2 −0.0046 −0.019, 0.010 0.040 −0.178, 0.259
Model 3 −0.0080 −0.022, 0.006 0.163 −0.040, 0.367
Model 4 −0.0077 −0.022, 0.006 0.171 −0.033, 0.374

Recovery from Mental Stress b

Model 1 0.0038 −0.007, 0.015 −0.017 −0.181, 0.147
Model 2 0.0033 −0.007, 0.014 −0.050 −0.221, 0.122
Model 3 0.0047 −0.006, 0.016 −0.086 −0.266, 0.094
Model 4 0.0042 −0.007, 0.015 −0.086 −0.266, 0.094

Reactivity to Orthostatic Stress c

Model 1 −0.0061 −0.021, 0.009 −0.076 −0.274, 0.122
Model 2 −0.0090 −0.025, 0.007 −0.048 −0.257, 0.160
Model 3 −0.0111 −0.028, 0.006 0.012 −0.210, 0.234
Model 4 −0.0111 −0.028, 0.006 0.027 −0.200, 0.253

n = 3,450 observations, 527 persons. For HR, a more positive coefficient for the reactivity associated with shorter sleep means a greater increase in HR 
response to the stressor (greater reactivity); a more negative coefficient for recovery associated with shorter sleep means a greater HR recovery from 
the stressor. For HRV, a more negative coefficient for the reactivity associated with shorter sleep means a greater reduction in HF-HRV response to 
the stressor, a more positive coefficient for recovery associated with shorter sleep means a greater increase in HF-HRV during recovery. a Reactivity to 
mental stress by sleep duration = HR/HF-HRV at mental stress − HF-HRV at baseline. b Recovery from mental stress by sleep duration = HR/HF-HRV 
at recovery − HF-HRV at mental stress. c Reactivity to orthostatic stress by sleep duration = HR/HF-HRV at orthostatic stress − HF-HRV at baseline. 
Model 1 = age, sex, race/ethnicity, income-wealth index, respiratory rate (only for HF-HRV). Model 2 = model 1 plus body mass index, smoking, alcohol 
consumption, medications (antihypertensive, antidepressants, sympatho-mimetic medications and medication for sleep and mood), diabetes and sleep 
efficiency. Model 3 = model 2 plus apnea. Model 4 = model 3 plus naps (h/day). CI, confidence interval; HF-HRV, high-frequency heart rate variability; 
HR, heart rate. ***p < 0.01.
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sleep efficiency. At baseline, there were no differences in levels 
of salivary amylase between participants who slept fewer than 
6 h than those who slept 6 h or more a night. Short sleep du-
ration was not associated with salivary amylase responses to 
stress challenge (Table 5). At baseline, participants with low 
sleep efficiency had higher levels of amylase than those with 
high sleep efficiency in models 2–4 (mean difference at fully 
adjusted model 0.45 log U/mL; 95% CI 0.04, 0.86). However, 
sleep efficiency was not associated with amylase responses to 
mental or orthostatic challenge (Table 5).

DISCUSSION
In a population-based sample, we found that participants who 
slept < 6 hours/night had higher baseline values of HR than 
those who slept 7 h or more per night by approximately 5%. 
Participants who slept fewer than 6 h per night had also greater 
HR orthostatic reactivity that those who slept 7 h or more per 
night. Participants who slept between 6 and less than 7 h per 
night had lower baseline values of HF-HRV than those who 
slept 7 h or more per night. We also found that participants 
with low sleep efficiency had lower baseline values of HF-HRV 

than those with higher sleep efficiency. Finally, low sleep ef-
ficiency but not short sleep duration was associated with higher 
baseline levels of amylase.

Our data provide some support for the hypothesis that insuf-
ficient sleep influences autonomic modulation. Although we 
did not find strong differences in the responses to stress for the 
reactivity measures, we did find differences in HR, HF-HRV 
and amylase at baseline in those with short versus longer sleep 
duration and low versus higher sleep efficiency.

HRV is modulated by the parasympathetic nervous system 
and may reflect the effect of acute and/or chronic stress.16 De-
creased parasympathetic modulation has been associated with 
increased risk of morbidity18 and mortality in post-MI patients19 
as well as in the general population.18 Few studies have studied 
the association of sleep parameters and cardiovascular responses 
to a stress challenge. A study with 20 young volunteers exam-
ined cardiovascular reactivity to a stress challenge test involving 
a Stroop color task and speech task. The speech task had a 
greater effect on systolic blood pressure reactivity when subjects 
had had a night of total sleep deprivation compared to a night of 
normal sleep.28 HR reactivity did not differ across the two sleep 

Table 5—Mean differences in log-transformed amylase ((log (u/ml)) at baseline and mean differences in responses to stress challenge by sleep duration 
and sleep efficiency.

Sleep Duration (< 6 h vs. ≥ 6 h) Sleep Efficiency (Low vs. High)
Mean Differences 95% CI Mean Differences 95% CI

Baseline
Model 1 0.04 −0.23, 0.31 0.32 −0.04, 0.69*
Model 2 0.04 −0.25, 0.33 0.41 0.01, 0.82**
Model 3 0.02 −0.27, 0.31 0.43 0.02, 0.83**
Model 4 −0.01 −0.30, 0.29 0.45 0.04, 0.86**

Mental Stress Reactivity a

Model 1 0.14 −0.04, 0.31 −0.08 −0.31, 0.15
Model 2 0.18 0.00, 0.37** −0.20 −0.46, 0.06
Model 3 0.16 −0.02, 0.35* −0.22 −0.47, 0.04
Model 4 0.14 −0.04, 0.33 −0.21 −0.47, 0.04

Orthostatic Stress Reactivity b

Model 1 0.04 −0.17, 0.24 −0.28 −0.63, 0.07
Model 2 0.10 −0.12, 0.32 −0.29 −0.68, 0.10
Model 3 0.10 −0.12, 0.32 −0.31 −0.70, 0.08
Model 4 0.06 −0.17, 0.28 −0.32 −0.73, 0.08

Total Recovery c 
Model 1 −0.16 −0.37, 0.04 −0.07 −0.39, 0.26
Model 2 −0.10 −0.31, 0.10 0.06 −0.21, 0.34
Model 3 −0.08 −0.29, 0.13 0.05 −0.22, 0.33
Model 4 −0.10 −0.31, 0.10 0.05 −0.22, 0.32

n = 1,736 observations, 454 persons. A large value of the stress reactivity response meant that amylase levels rose sharply after the stress challenge 
task(s). A large value of the recovery response meant that amylase levels fell sharply after the stress challenge. a The difference between amylase values 
at second sample (mental stress) and amylase value at first sample (baseline). b The difference between amylase values at third sample (orthostatic stress) 
and amylase value at first sample (baseline). c The difference between amylase values at fourth sample (30 min of recovery time after end of orthostatic 
stressor) and amylase value at second sample (mental stress). Model 1 = age, sex, race/ethnicity, income wealth index. Model 2 = model 1 plus sleep apnea 
and sleep efficiency (for sleep duration as exposure) and sleep duration (for sleep efficiency as exposure). Model 3 = model 2 plus alcohol consumption, 
smoking, body mass index. Model 4 = model 3 plus medications (antihypertensive, antidepressants, hormone replacement therapy, sympatho-mimetic 
medications, inhaled steroids and medication for sleep and mood) and diabetes. CI, confidence interval. *p < 0.1, **p < 0.05.
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situations for any of the stress tasks. In another study with 28 
subjects, mental stress was linked to greater HR reactivity to 
and slower HR recovery from the stressors after 24 h of total 
sleep deprivation.29 Although these studies have limited gener-
alizability because of small sample sizes, and because they in-
cluded only young volunteers and were not done under habitual 
sleep conditions and tested extreme sleep deprivation, they are 
among the few existing studies of this question available.

Only one previous study has investigated these associations 
without imposing sleep deprivation. In that study, 79 healthy 
men aged 18 to 30 y underwent actigraphy for 1 w before a 
stress protocol that involved three tasks: Stroop color-word 
interference, a multisource interference task, and a speech 
preparation and delivery task, all of them followed by a pe-
riod of recovery. The study found an association of short sleep 
duration (< 5.5 h) with decreased HF-HRV during the stress 
task and slower HR recovery.31 In our data, we found that par-
ticipants who slept between 6 and less than 7 h per night (com-
pared to those who slept 7 h or more per night) had decreased 
values of HF-HRV at baseline but there were no differences in 
reactivity to challenge. HF-HRV recovery from mental stress 
was greater in the short sleep duration (< 7 h per night) group 
compared to the longer sleep duration (≥ 7 h per night) when 
we dichotomized sleep duration at 7 h.

We also found that those participants who slept less than 
7 h per night had greater HR reactivity to mental stress com-
pared to those who slept 7 h or more per night in a model that 
included demographics, behavioral factors, medications, and 
sleep apnea, but this association was attenuated when we fur-
ther adjusted for daytime nap time. There is an inverse correla-
tion between sleep duration (hours) and nap time (R = −0.35, 
P < 0.0001) in the overall sample, which is driven by the corre-
lation between sleep duration and nap time of those who slept 
less than 6 h per night (R = −0.35, P < 0.0001). Beneficial ef-
fects of naps have been reported, especially among younger 
adults. In young volunteers, at least one study55 has shown the 
countereffect on immune function from 30-min midday nap 
in subjects with sleep deprivation the night before. In more re-
cent studies also in young volunteers, 30-min naps after sleep 
restriction in a laboratory setting restored urinary norepineph-
rine levels,56 and 45- to 60-min naps facilitated blood pressure 
recovery from mental stressors.57 We did not find an interac-
tion effect between sleep duration and naptime.

The influence of sleep characteristics on hormonal (i.e. cor-
tisol, amylase) responses to stressors has been examined in 
animals58 and in restricted human population samples, only 
children38,59 or only women.60 In a more recent study39 with 108 
young adults ages 17 to 22 y, sleep restriction was imposed on 
the participants before a social stressor task. The study found 
differences in sAA at baseline but no differences in the response 
to the stress task in the two groups (with sleep restriction versus 
without). Ours is the first study to examine the influence of ha-
bitual sleep characteristics on sAA responses in a population-
based sample. We did not find an association of sleep duration 
or quality with amylase responses, but we found higher amy-
lase level at baseline in the group with lower sleep efficiency.

Our study has several limitations. First, we may have 
missed a greater effect of short sleep duration and an effect 

of low sleep efficiency on the neuroendocrine responses to 
a stress challenge protocol because of lack of power. In our 
sample, i.e. only 10% of participants had low (< 85%) sleep 
efficiency. Second, 88% of our study participants were taking 
at least one prescribed medication and 42% were taking 5 or 
more prescribed medications at the time of the MESA exami-
nation. We attempted to address medication use by either ex-
cluding or adjusting for medications thought to interact with 
HR/HRV response or the secretion of amylase. Third, we may 
have missed the amylase response to each mental stress and 
orthostatic stress because the second salivary amylase sample 
was assessed after the two mental stressors and their respec-
tive recovery period whereas the third sample, which was col-
lected at the end of the orthostatic task and at approximately 17 
min of recovery from the previous task, may be an accumula-
tion of mental stress and orthostatic stress. Fourth, many par-
ticipants may not have minded the mental stressors as much as 
participants in other studies. Fifth, our study is cross-sectional 
with respect to the association between sleep parameters and 
responses to the stress challenge. Sixth, we have made multiple 
comparisons. We also did not account for stressful events pre-
ceding the stress challenge that may have affected its response. 
Finally, we used a self-report measure of insomnia symptoms, 
and it is known that some individuals with insomnia experi-
ence less insomnia during objective polysomnography sleep 
monitoring.61 Thus, it is possible that alterations in sleep dura-
tion or architecture may have been under-estimated by a single 
night study. We cannot assess whether our sample included a 
group with “sleep state misperception insomnia.”

Our study also has several strengths. First, the MESA Study 
is an epidemiological study of a population-based sample with 
heterogeneous background, among whom we collected cardio-
vascular measures and salivary amylase in response to a stan-
dardized stress challenge protocol in a large sample of subjects 
with protocol-based objective sleep data. Second, we have objec-
tive measures of sleep, collected under “normal” circumstances 
at home without imposing sleep restriction. Third, we included 
in our models an objective measure of sleep apnea. Fourth, the 
MESA cohort is exceptionally well characterized with respect 
to covariates. Our analytic models took into account of all of the 
data from the various time segments of the stress challenge test.

In summary, we found in a community-based sample, that 
short sleep duration, low sleep efficiency, and insomnia com-
bined with short sleep efficiency were associated with mea-
sures of autonomic modulation that indicate lower levels of 
cardiac vagal regulation and higher levels of sympathetic func-
tion measured as salivary alpha amylase.
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