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Abstract

Study Objectives: To investigate the dose-dependent impact of moderate alcohol intake on sleep-related cardiovascular (CV) function, in adult men and women.

Methods: A total of 26 healthy adults (30–60 years; 11 women) underwent 3 nights of laboratory polysomnographic (PSG) recordings in which different doses of 

alcohol (low: 1 standard drink for women and 2 drinks for men; high: 3 standard drinks for women and 4 drinks for men; placebo: no alcohol) were administered 

in counterbalanced order before bedtime. These led to bedtime average breath alcohol levels of up to 0.02% for the low doses and around 0.05% for the high doses. 

Autonomic and CV function were evaluated using electrocardiography, impedance cardiography, and beat-to-beat blood pressure monitoring.

Results: Presleep alcohol ingestion resulted in an overall increase in nocturnal heart rate (HR), suppressed total and high-frequency (vagal) HR variability, reduced 

baroreflex sensitivity, and increased sympathetic activity, with effects pronounced after high-dose alcohol ingestion (p’s < 0.05); these changes followed different 

dose- and measure-dependent nocturnal patterns in men and women. Systolic blood pressure showed greater increases during the morning hours of the high-

alcohol dose night compared to the low-alcohol dose night and placebo, in women only (p’s < 0.05).

Conclusions: Acute evening alcohol consumption, even at moderate doses, has marked dose- and time-dependent effects on sleep CV regulation in adult men and 

women. Further studies are needed to evaluate the potential CV risk of repeated alcohol-related alterations in nighttime CV restoration in healthy individuals and in 

those at high risk for CV diseases, considering sex and alcohol dose and time effects.
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Statement of Significance

Excessive chronic alcohol consumption has detrimental effects on cardiovascular (CV) health. Mechanisms underlying this association are not fully elucidated. 

Our findings highlight that acute evening alcohol consumption, even at levels below those considered indicative of heavy drinking, leads to pronounced sex-, 

time-, and dose-dependent alterations in autonomic and CV restoration during sleep in adult men and women. Results suggest a potential mechanism by which 

alcohol may adversely impact CV functioning.
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Introduction

The 2015–2020 U.S. Dietary Guidelines for Americans [1] states 
that “if alcohol is consumed, it should be in moderation,” op-
erationalized as up to one drink per day for women and up to 
two drinks per day for men of legal drinking age. According 
to the National Institute on Alcohol Abuse and Alcoholism 
(NIAAA), excessive alcohol consumption includes binge 
drinking (>3 drinks for women and >4 drinks for men within 
about 2  h) and heavy drinking (>7 drinks/week for women 
and >14 drinks/week for men, or >3 drinks for women and >4 
drinks for men on any day), reflecting daily and weekly recom-
mended drinking limits.

Alcohol is among the most widely used psychoactive sub-
stances. Substantial scientific and public consensus exists in 
considering habitual heavy alcohol consumption and irregular 
heavy drinking patterns (e.g. binge drinking) as a health-related 
and economic burden on society [2], being associated with severe 
negative health outcomes including risks for cardiovascular (CV) 
disease (CVD) [3–5]. Less clear is the evidence evaluating the im-
pact of drinking below heavy drinking levels on an individual’s 
health and mortality. There is epidemiological evidence sug-
gesting no negative associations [6, 7] or even benefits of light or 
moderate habitual alcohol use [3, 4, 8].

However, controlled laboratory investigations, mainly con-
ducted in small samples of awake young men, have demon-
strated that alcohol has complex transient effects on autonomic 
nervous system (ANS) and CV function, which depend on sev-
eral factors including the observed outcome measures, the 
amount and time of alcohol consumption, the timing of the as-
sessments (mostly within a few hours of intake), and the sample 
characteristics and genetic factors [9]. Alcohol ingestion, even 
at low or moderate doses (approximately up to four standard 
drinks), resulted in transient alterations across several indices 
of ANS and CV function, lasting for several hours after intake. 
Multiple effects have been documented [10–17], including in-
creases in heart rate (HR) and sympathetic ANS activity (e.g. 
muscle sympathetic nerve activity), and alterations in CV con-
trol mechanisms, that is decreases in baroreflex sensitivity 
(BRS), and reductions in heart rate variability (HRV) particularly 
in its high-frequency (vagal) component, which is an important 
ANS indicator of system flexibility and biomarker of health [18]. 
The effects of alcohol on BP are more complex. BP appears to 
be reduced or unchanged after low doses, possibly due to direct 
vasodilation effects dominating over sympathetic vasoconstric-
tion [10], and increasing BP after high doses, possibly through 
sympathetic vasoconstriction activation [9, 12].

There is a lack of data about the impact of presleep alcohol 
consumption on sleep-dependent CV restoration. This is sur-
prising given that: (1) due to social and cultural factors, alcohol 
consumption is prevalent in the evening [19]; (2) due to its seda-
tive effects, alcohol is frequently erroneously used as an “over 
the counter” self-medication to promote sleep in those having 
trouble sleeping [20], a pathway that could lead to dependence; 
(3) sleep is known to be crucial for CV homeostasis (“sleep as 
a CV holiday”) [21, 22], and the alcohol-stimulating effects may 
disrupt sleep CV regulation. Understanding the acute impact of 
alcohol on the dynamics of sleep ANS and CV regulatory pro-
cesses is a fundamental step in elucidating the relationship 
between repeated alcohol exposure, chronic alteration in CV 
regulation, and CVD risks.

In a controlled laboratory polysomnographic (PSG) study, 
the acute effect of different doses of presleep alcohol intake on 
sleep ANS function was assessed from the analysis of HRV in 
10 healthy male students [23]. Following high-dose (1.0 g/kg) al-
cohol consumption, HR was increased, low- and high-frequency 
components of HRV were decreased, and HRV low-to-high-
frequency ratio was increased across the first and last 3 h of the 
night (indicating a reduction in vagal dominance after alcohol 
intake); a significant reduction in high-frequency HRV at night 
was also evident after low-dose (0.5 g/kg) alcohol consumption. 
Similar results were found by Pietila and colleagues [24], who 
investigated the acute effect of alcohol intake on HRV during 
sleep using a wearable beat-to-beat HR tracker in over 4,000 men 
and women in a noncontrolled ecological setting. While it can 
be argued that most alcohol consumption probably occurred 
in the evening, no information was collected about timing and 
patterns of drinking. Results indicated that alcohol intake at all 
doses tested (lowest ≤ 0.25 g/kg; highest >0.75 g/kg) altered sleep 
ANS function (toward faster HR and suppressed HRV) in a dose-
dependent manner. Most of the effects of alcohol on ANS func-
tioning were similar in men and women, with alcohol affecting 
sleep ANS to a greater extent in younger participants.

Here, we aimed to investigate the acute effects of moderate 
doses of alcohol in the evening on sleep-related ANS and CV 
function, in a laboratory-based, single-blind, placebo-controlled 
study of healthy adult men and women. To address limitations 
of prior research, we considered potential sex differences in al-
cohol impact, evaluated the effects of two different doses of al-
cohol, and we used state-of-the-art noninvasive assessments 
of ANS and CV functioning across the whole night. The experi-
mental manipulations included: evening alcohol intake within 
the thresholds for light to moderate alcohol amounts (one 
standard drink for women and two drinks for men; low-alcohol 
dose night), below the thresholds for heavy drinking (three 
standard drinks for women and four drinks for men; high-
alcohol dose night), and placebo (no alcohol intake; placebo 
night). Standard PSG assessment was performed in combination 
with electrocardiography (ECG), impedance cardiography (ICG), 
photoplethysmography, and beat-to-beat blood pressure moni-
toring across the night.

Method

Participants

A total of 26 healthy adults (age range: 30–60 years; 11 women; 
see Table 1) who were recruited from the San Francisco Bay area 
community participated. All participants completed the in-
formed consent process, and the study was approved by the SRI 
International’s Institutional Review Board.

Potential participants completed a brief phone screen to 
evaluate major eligibility criteria, followed by an in-person visit 
which included a structured clinical interview for DSM-IV axis 
I disorders and questionnaires about demographics, trait mood 
(Beck Depression Inventory [BDI-II] [25], and State-Trait Anxiety 
Inventory [STAI-Y2] [26]) habitual sleep (Pittsburgh Sleep Quality 
Index [PSQI]) [27], habitual alcohol consumption, current 
smoking, and reproductive history (for women). If still eligible, 
participants underwent a clinical PSG overnight to evaluate the 
presence of potential sleep disorders. As part of the initial as-
sessment, measures were made of height, waist circumference, 
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body composition (weight, percentage of body fat and body mass 
measured via Tanita SC-240 bioelectrical impedance body com-
position analyzer [Tanita, Arlington Heights, IL, USA]), resting 
blood pressure (after 10 min resting, three measurements sep-
arated by 1 min were taken in a sitting position, using an upper 
arm automatic sphygmomanometer [Omron Healthcare, Inc.]), 
physical activity (International Physical Activity Questionnaires 
[IPAQ] [28], long form with a reference period of last 7 days), and 
health-related quality of life (RAND-36) [29].

All participants were free from major medical (e.g. hyperten-
sion and diabetes) and mental (e.g. major depressive disorder) 
conditions, insomnia and other major sleep disorders (e.g. ob-
structive sleep apnea syndrome), as confirmed by clinical PSG. 
None of them was currently using medications potentially 

impacting sleep, the CV system, or potentially interacting with 
alcohol administration (e.g. hypnotics and antihypertensives). 
None of the participants were shift workers and none of them 
had traveled across time-zones within the past 3 months. None 
of the participants were total alcohol abstainers and none 
of them were heavy drinkers (consuming 15 drinks or more 
per week for men and consuming 8 drinks or more per week 
for women).

Four women were premenopausal (one was currently using 
hormonal birth control pills), four women were perimeno-
pausal, and three were postmenopausal (one was currently 
using hormone replacement therapy), according to the Stages of 
Reproductive Aging Workshop (STRAW) criteria [30]. None of the 
women were pregnant.

Table 1. Sample characterization

Men Women t- or z-values, P values

Sample, No. 15 11 –
Age, years 42.3 (9.7) 49.7 (7.2) t = 2.12, p = 0.043
Race    
 Asian, No. 7 2 –
 White, No. 7 8 –
 More than one race, No. 1 1 –
Ethnicity    
 Hispanic or Latino, No. 1 2 –
Habitual mood and sleep    
 Depression, BDI-II total score 0.4 (0.9) 1.3 (2.7) z = 0.39, p = 0.697
 Anxiety, STAI-Y2 total score 25.9 (4.8) 28.3 (6.0) t = 1.13, p = 0.268
 Sleep quality, PSQI total score 1.6 (1.6) 1.9 (1.6) z = 0.88, p = 0.378
Resting BP*    
 SBP, mmHg 116.4 (11.3) 102.5 (8.7) t = −3.40, p = 0.002
 DBP, mmHg 74.1 (6.2) 72.1 (5.6) t = −0.87, p = 0.395
Body composition    
 BMI, kg × m−2 24.8 (3.0) 24.1 (4.3) t = −0.47, p = 0.640
  Normal (BMI: 18.5 to < 25), No. 11 7  
  Overweight (BMI: 25 to < 30), No. 2 3  
  Obese (BMI: 30 or higher), No. 2 1  
 Body fat, % 19.1 (4.4) 30.6 (7.0) t = 5.13, p < 0.001
 Body water, % 56.0 (3.0) 48.1 (4.3) t = −5.47, p < 0.001
 Waist circumference, inches 35.7 (2.9) 31.9 (4.1) t = −2.70, p = 0.012
Health-Related Quality of Life (RAND-36)†    
 Physical functioning, score 98.7 (2.3) 99.0 (2.0) z = 0.34, p = 0.736
 Role limitations due to physical health, score 100.0 (0.0) 100.0 (0.0) –
 Role limitations due to emotional problems, score 100.0 (0.0) 97.0 (10.0) z = −0.36, p = 0.716
 Energy/fatigue, score 78.0 (12.9) 77.3 (11.9) z = −0.08, p = 0.938
 Emotional well-being, score 88.3 (5.1) 89.8 (5.5) z = 0.83, p = 0.406
 Social functioning, score 100.0 (0.0) 97.7 (5.1) z = −0.75, p = 0.452
 Pain, score 98.0 (4.1) 92.3 (11.0) z = −1.22, p = 0.222
 General health, score 87.7 (11.5) 85.0 (9.2) z = −0.60, p = 0.551
Physical activity    
 IPAQ Low activity level, No. 0 1 –
 IPAQ Moderate activity level, No. 8 3 –
 IPAQ High activity level, No. 7 7 –
Habitual alcohol consumption,  

No. standard drinks/week over the past month
5.0 (3.2) 3.5 (2.4) z = −1.06, p = 0.287

Current smokers, No. 2 0 –

Mean and standard deviation (SD), t- or z- (for not-normally distributed variables) values and associated probability, or frequency of observations are reported, 

comparing men and women. BDI, Beck Depression Inventory; BMI, body mass index (calculated as weight[kg]/height[m2]; BMI categories were defined according to 

the definition of the Centers for Disease Control and Prevention: https://www.cdc.gov/obesity/adult/defining.html); IPAQ, Physical Activity Questionnaires; PSQI, 

Pittsburgh Sleep Quality Index; STAI, State-Trait Anxiety Inventory.

*Automatic upper arm sphygmomanometer BP (SBP, DBP) measurements were taken three consecutive times after a 5 min resting period, while participants were 

sitting in a chair. The first reading was discharged, and the final value was obtained by averaging the other two measurements.

†RAND-36 outcomes are expressed in scores ranging from 0 to 100 across the 8 health domains, with lower scores indicating more disability.

https://www.cdc.gov/obesity/adult/defining.html
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Laboratory procedures

All participants slept in temperature-controlled and sound-
attenuated bedrooms in the SRI Human Sleep Research 
Laboratory; they self-selected their bedtimes and wake-up 
times, based on their usual routines.

All participants had a clinical/adaptation PSG night to ex-
clude the presence of sleep disorders (e.g. breathing and leg 
movement disorders) and to adapt them to the sleep lab en-
vironment and staff. This was followed by three counterbal-
anced experimental PSG nights in which different doses of 
alcohol (wine) were administered in the evening before bed-
time: placebo (no alcohol: dealcoholized wine), low-alcohol 
dose (two standard drinks for men and one for women), and 
high-alcohol dose (four standard drinks for men and three 
for women) nights. A  total of 19 participants completed the 
whole protocol, while seven participants had one (N  =  4) or 
two (N  =  2) missed nights, resulting in a total of 21 high-
alcohol dose, 23 low-alcohol dose, and 23 placebo PSG nights 
completed. Women had their nights scheduled irrespective of 
menstrual cycle phase.

On each of the experimental nights, participants arrived at 
the lab about 4 h before their desired usual bedtime. A breath 
alcohol test (S75 Pro, BACtrack Breathalyzers, San Francisco, 
CA, USA) and urine drug test (10 Panel iCup drug test kit, 
Instant Technologies, Inc.) were performed to confirm the ab-
sence of recent alcohol or drug use. After that, participants 
received their dinner (~400–500 kcals) and sensors for sleep 
and CV assessment were attached. All participants had 0.0 
breath alcohol content (BrAC) and negative urine drug test at 
the lab entry.

The alcohol manipulation protocol began about 3  h before 
the desired bedtime. Participants received four 150 mL glasses of 
alcoholic and/or nonalcoholic wine according to the alcohol ma-
nipulation protocol at 30 min intervals (see Table 2), while sit-
ting in the sleep lab common area. All participants were blinded 
to the experimental condition and they were told that they 
would receive four standard glasses of wine containing different 

alcohol contents. After that, participants went to their bed-
room and their BrAC was measured via breathalyzer (S75 Pro, 
BACtrack Breathalyzers). Then, lights were turned off and parti-
cipants could sleep. BrAC was measured again upon awakening.

PSG sleep assessment

Sleep recordings were performed via standard PSG assessment 
using the Compumedics Grael HD-PSG system (Compumedics, 
Abbotsford, Victoria, Australia). EEG (F3/4, C3/4, O1/2, referred to the 
contralateral mastoids; 256 Hz sampled, 0.3–35 Hz filtered), sub-
mental electromyogram, and bilateral electrooculogram were 
recorded according to American Academy of Sleep Medicine 
(AASM) guidelines [31]. PSG records were scored in 30-s epochs 
(wake, N1, N2, N3, and REM sleep) according to AASM criteria. 
For each participant and hour of the night, the proportion of 
time spent in each stage of sleep was calculated.

Nighttime autonomic and CV assessment

Electrocardiographic (ECG) was recorded using 1  cm diam-
eter Ag/AgCl surface spot electrodes placed in a modified Lead 
II Einthoven configuration. The ICG basal impedance signal 
(Z0; Ω) and the and rate of change in the impedance wave-
form on a given beat (dZ/dt; Ω) was acquired using HIC-4000/
HIC-2500 Bioelectric Impedance Cardiographs (Bio-Impedance 
Technology, Inc., Chapel Hill, NC), using a Dual-Spot arrange-
ment (8-leads), more suitable for sleep. The measurement of sys-
tolic time intervals is unaltered by spot electrode configurations 
[32]. The inner (voltage) electrodes were positioned around the 
lateral base of the neck and around the lateral thorax, at the 
level of the xiphisternal junction. Two outer (current) electrodes 
were placed to encompass the neck and the thorax, at least 
3  cm above each of the recording electrodes. The outer elec-
trodes transmit a 4-mA AC at 100 kHz, and Z0 and dZ/dt signals 
were registered from the inner electrodes (see Sherwood et al. 
[33], for a full description of the ICG technique). Beat-to-beat 

Table 2. A total of four standard 150 mL glasses of alcoholic and/or nonalcoholic wine were consumed within 2 h before bedtime

Alcohol  
condition* Sex

Alcohol  
manipulation  
start time  
(hh:mm)

1st 150 mL  
drink  
(0–30 min)

2nd 150 mL  
drink  
(30–60 min)

3rd 150 mL  
drink  
(60–90 min)

4th 150 mL  
drink  
(90–120 min)

Presleep BrAC 
(%)

Bedtime 
(hh:mm)

Placebo Women 20:21 (00:44) Dealcoholized  
wine

Dealcoholized  
wine

Dealcoholized  
wine

Dealcoholized  
wine

0.000 (0.000) 23:14 (00:42)

Men 20:41 (00:41) Dealcoholized  
wine

Dealcoholized  
wine

Dealcoholized  
wine

Dealcoholized  
wine

0.000 (0.000) 23:35 (00:40)

Low-alcohol  
dose

Women 20:23 (00:37) Dealcoholized  
wine

Dealcoholized  
wine

Dealcoholized  
wine

Wine 0.010 (0.009) 23:03 (00:35)

Men 20:39 (00:51) Dealcoholized  
wine

Dealcoholized  
wine

Wine Wine 0.024 (0.010) 23:33 (00:48)

High-alcohol  
dose

Women 20:11 (00:39) Dealcoholized  
wine

Wine Wine Wine 0.057 (0.018) 23:04 (00:36)

Men 20:35 (01:13) Wine Wine Wine Wine 0.056 (0.015) 23:24 (01:15)

Alcoholic wine had ~12% alcohol concentration (~14 g of pure alcohol), while dealcoholized wine had less than 0.5% alcohol concentration (see http://www.

arielvineyards.com/). Mean and standard deviation (SD) for the timing of alcoholic and dealcoholized wine consumption, presleep BrAC, and bedtime for the placebo, 

low-alcohol dose, and high-alcohol dose nights, in both women and men, are provided.

*On the low-alcohol dose night, instead of 150 mL of alcoholic wine, one woman was unable to consume the full dose and consumed 75 mL of alcoholic wine. Two 

other women on the high-alcohol dose nights consumed, respectively, 350 and 310 mL, instead of 450 mL of alcoholic wine, while a man instead of 600 mL of alco-

holic wine, consumed 525 mL of alcoholic wine. In these cases, the missed amount of liquid was replaced with water.

http://www.arielvineyards.com/
http://www.arielvineyards.com/
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blood pressure (BP) recordings were made using Portapres 
Model-2 (TNO TPD Biomedical Instrumentation, Amsterdam, 
The Netherlands), a validated technique based on the volume-
clamp method [34, 35], allowing noninvasive prolonged BP re-
cordings. Photoplethysmography cuffs, which inflate and deflate 
continuously to keep finger blood volume constant (switching 
between fingers every 30 min) were applied to the participants’ 
index and middle fingers of the nondominant hand. Between-
cuffs BP reading discrepancies of below 5 mmHg was required 
before starting the recording (cuffs were re-positioned until this 
requirement was met).

Raw ECG and BP (sampled at 512 Hz), ICG Z0 and dZ/dt sig-
nals (sampled at 1,024 Hz) were acquired via dedicated channels 
in the Compumedics Grael HD-PSG system. All preprocessing 
and processing of CV indices were performed in MATLAB R2018a 
(MathWorks, Inc., Natick, MA) via customized algorithms. All 
CV signals were digitally filtered with a 4th-order Butterworth 
bandpass filter with lower and upper cutoff frequencies of 0.5 
and 35 Hz for ECG, and 0.5 and 25 Hz for ICG, respectively. The 
filter was applied in both forward and backward directions to 
avoid any phase shift.

Customized algorithms were applied to compute normal-
to-normal inter-beat-intervals via automatic detection of ECG 
R peaks (see [36]). Those ECG cycles that happened to have an 
out-of-range (10 standard deviations away from the mean) ECG 
signal level or R-R value were identified as invalid beats (cor-
rupted by noise and artifacts or ectopic beats) and were excluded 
from the analysis. Q wave onset (beginning of the electrical sys-
tole) was determined by a fixed interval (35 ms) backward from 
the ECG R-wave peak [37, 38]. ICG cycles were identified based on 
the ECG R peak locations and automatic algorithms were used 
to detect the B points (opening of the aortic valve and onset of 
left-ventricular ejection) and X points (closure of the aortic valve 
and end of left-ventricular ejection; see [39, 40]). ICG corrupted 
cycles were identified according to a similarity index [41], and 
were excluded from the study. The continuous BP signal was 
processed using customized algorithms to identify and exclude 
data corresponding to calibration and cuff switching, and to de-
tect peaks and troughs [42].

Time-domain HRV analysis was performed on consecutive 
5-min windows across the night (from lights-off to lights-on), 
and the standard deviation of normal-to-normal R-R intervals 
(SDNN, ms; an index reflecting total HRV) and the root mean 
square of the successive differences in normal to normal R-R 
intervals (RMSSD, ms; an index of high-frequency HRV reflecting 
vagal activity) were calculated according to the Task Force of the 
European Society of Cardiology and the North American Society 
of Pacing and Electrophysiology guidelines [43]. The pre-ejection 
period (PEP; ms), a validated index inversely related to cardiac 
sympathetic activity [44], was calculated as the time interval be-
tween the Q point on the ECG signal and the B point on the ICG 
dZ/dt signal. From the systolic blood pressure (SBP) and diastolic 
blood pressure (DBP) peaks analysis of the raw BP waveform, SBP 
(mmHg) and DBP (mmHg) were derived.

Cardiac BRS was calculated using the sequence method 
(see [45]). Baroreflex sequences were selected across the night 
as follows: ≥3 adjacent heartbeats containing progressive in-
creases (up-sequences) or decreases (down-sequences) in both 
SBP (≥1  mmHg change in successive SBPs) and R-R intervals 
(≥5  ms change in successive R-R intervals); ≥0.8 coefficient of 

correlation between changes in SBPs and RR intervals. BRS for 
up- (BRS+) and down- (BRS−) sequences were estimated from 
the slope of the regression line between SBP and RR intervals 
and expressed as ms × mmHg−1. Sequences of three heartbeats 
characterized most of the BRS+ and BRS− sequences across the 
three alcohol manipulation nights, and hours of the night (>86% 
of the total sequences), as previously observed [45, 46].

ANS and CV outcomes were averaged and analyzed across 
the first 6 h of the night. DBP and RMSSD were log-transformed 
before analysis to improve normality. Two nights from one par-
ticipant were excluded from the analyses because of less than 
5 h of time in bed, limiting the amount of data available.

Statistical analysis

Dependent variables (DVs) for demographic and sample char-
acterization (see Table  1) were analyzed using independent 
t-tests, using sex (women and men) as the grouping variable. 
Mann–Whitney U-tests were used when DVs were non-normally 
distributed. t- or z-values and associated p-values are reported. 
PSG, ANS, and CV DVs were analyzed using mixed models with 
robust errors. Independent factors were sex (women and men) 
× alcohol condition (placebo, low-alcohol dose, and high-alcohol 
dose) × time (h1, h2, h3, h4, h5, and h6). The models included a 
random effect for an individual with alcohol condition. Robust 
errors were obtained using Huber–White estimates of variance. 
Wald’s test was conducted to calculate the statistical signifi-
cance of regression coefficients. Marginal (expected) values were 
calculated for all combinations of independent factors. Wald’s 
test was also applied to determine the statistical significance of 
the marginal effects for each factor, each two-way interaction, 
and the three-way interaction. The same model was used to 
analyze presleep BrAC with the exceptions that there was no 
time factor and the alcohol condition factor had only two levels 
(low-alcohol dose and high-alcohol dose). Chi-squared and as-
sociated p values were reported for the significant models. The 
effects were considered significant at p  <  0.05. Analyses were 
performed using Stata/SE 14.1 for Windows by a senior biostat-
istician (H.J.).

Results

Sample demographics, body composition, and 
resting-state blood pressure and HR

Four men and four women fell within the “overweight or 
obesity” categories, according to their BMI, and all but one re-
ported “moderate or high activity levels,” as determined by 
IPAQ. All participants fell within the BDI-II cutoff scores (0–13) 
for minimal depression [25], and all but one fell below the PSQI 
threshold (score of 5 and above) for poor sleepers [27]. Women 
had a greater percentage of body fat, a reduced percentage 
of body water, and smaller waist circumference (p  <  0.05) but 
similar BMI, compared with men. Overall, women were older 
than men (p  =  0.043) and had significantly lower resting SBP 
(p  =  0.002). However, all participants had SBP ≤ 140  mmHg 
(cut-off for “high blood pressure”) [47]. No sex differences were 
detected in the participants’ habitual alcohol consumption. See 
Table 1 for details.
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Alcohol manipulation protocol and BrAC

There were no alcohol condition or sex effects, or sex × alcohol 
condition interactions in the timing that participants received 
their drinks (p > 0.05). The average alcohol intake in relation 
to body weight resulted in 0.71 ± 0.33 g/kg in men and 0.64 ± 
0.24  g/kg in women in the high-alcohol dose condition, and 
0.38 ± 0.14 g/kg in men and 0.21 ± 0.08 g/kg in women in the low-
alcohol dose condition. All participants had a BrAC of 0.000, after 
receiving the placebo-dose. All but one man (BrAC: 0.008%) had a 
BrAC of 0.000 upon awakening.

Presleep BrAC displayed a significant sex × alcohol con-
dition (chi2  =  6.53, p  =  0.011) interaction effect. As expected, 
BrAC was greater in the high-alcohol dose condition compared 
to the low-alcohol dose condition in both men and women 
(p < 0.001). After low-dose alcohol consumption, men reached 
a significantly higher presleep BrAC than women (BrAC men: 
0.024 ± 0.010%; BrAC women: 0.010 ± 0.009%; p < 0.001). No sex 
differences in presleep BrAC were detected after high-dose 

alcohol consumption (BrAC men: 0.056 ± 0.015%; BrAC women: 
0.057 ± 0.018%; p = 0.945).

Nocturnal HR, total and high-frequency (reflecting 
cardiac vagal activity) HRV

Nocturnal patterns for HR, SDNN, and RMSSD are shown in 
Figure 1.

HR displayed a significant alcohol condition × time 
(chi2 = 102.01, p < 0.001) interaction effect. As expected, on the 
placebo night, HR slowed across the night, with a lower HR in 
h3–6 compared to h2 (p < 0.05). HR was faster during the first 4 h 
of the low-alcohol dose night and across the first 6 h of the high-
alcohol dose night, compared to the placebo night (p  <  0.01), 
indicating a dose-dependent positive chronotropic action of al-
cohol. Despite being particularly elevated at the beginning of the 
night, HR recovered across hours of the low-alcohol dose night 
(h4–6 < h1–3, h6 < h4) and, to a lesser extent, across hours of the 

Figure 1. Mean and standard errors of HR, SDNN (indicating total HRV), and root mean square of successive differences between normal heartbeats (RMSSD; indicating 

high-frequency [vagal] HRV), across the first 6 h of the placebo, low-alcohol dose, and high-alcohol dose nights in men and women. In the graphs, the significant differ-

ences between alcohol conditions are marked by “caret” (low-alcohol dose night vs. placebo night), and “asterisks” (high-alcohol dose night vs. placebo night).
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high-alcohol dose night (after an initial acceleration [h2 > h1], HR 
reduced [h6 < h2–4]). Sex and sex × alcohol condition factors were 
not significant.

SDNN displayed a significant sex × alcohol condition × 
time (chi2  =  23.91, p  =  0.008) interaction effect. SDNN was re-
duced during the low- (men: significantly in h1,4; women: sig-
nificantly in h1) and high-alcohol dose (men: significantly in 
h1–3,5,6; women: significantly in h1,4) nights, compared to placebo 
(p < 0.05), indicating a suppressing effect of alcohol on nighttime 
total HRV. No significant differences in SDNN were detected be-
tween low- and high-alcohol doses. Within-night increases in 
SDNN were observed across all conditions in both men and 
women: placebo (men: h3–6 > h1, h6 > h2–4; women: h6 > h2), low-
alcohol dose (men: h2–6 > h1, h6 > h2–4, h5 > h2; women: h4–6 > h1,  
h6 > h2–5, h4 > h2), and high-alcohol dose (men: h2–6 > h1, h6 > h2,3, 
h4 > h2,3; women: h5,6 > h1,3,4; p  <  0.05). Despite an overall ten-
dency for greater SDNN in men compared to women, significant 
sex differences were only evident in h4 of the high-alcohol dose 
night (p = 0.031).

RMSSD displayed a significant sex × alcohol condition × time 
(chi2  =  44.53, p  =  0.002) interaction effect. RMSSD was reduced 
during both the low- (men: significantly in h1–4; women: signifi-
cantly in h2) and, to a greater extent, the high-alcohol dose (men: 
significantly in h1–5; women: significantly in h2–4) nights, compared 
to placebo (p < 0.05), indicating a suppressing effect of alcohol on 
nighttime high-frequency (vagal) HRV. No significant differences 
were detected between low- and high-alcohol doses. Within-night 
changes in RMSSD followed different pattern between sexes, and 
across conditions (see Figure 1): placebo (men: h4 > h3; women: ns.), 
low-alcohol dose (men: h3–6 > h1, h6 > h4,5, h5 > h2–4, h4 > h2; women: 
h6 > h1–3, 5, h5 > h2), and high-alcohol dose (men: h6 > h1–5, h4,5 > h3; 
women: h4 < h1,2, h3 < h2, h5,6 > h3,4; p < 0.05).

Nocturnal cardiac sympathetic nervous system 
activity

Nocturnal patterns for PEP are presented in Figure 2.
PEP displayed a significant sex × alcohol condition × time 

(chi2 = 83.27, p < 0.001) interaction effect. PEP was faster during 
the low- (men: significantly in h3–6; women: significantly in h1) 
and high-alcohol dose nights (men: significantly in h4,5; women 
significantly in h3–6; p  <  0.05) compared to placebo, indicating 
elevated cardiac sympathetic activity following alcohol 

consumption (positive inotropic effect of alcohol). No significant 
differences were detected between low- and high-alcohol doses 
in men, while in women, PEP was significantly faster in h4,6 of 
the high-alcohol dose night compared to the low-alcohol dose 
night (p < 0.05). Within-night changes in PEP followed different 
patterns between sexes, and across conditions towards an 
overall reduction in cardiac sympathetic activity with the pro-
gression of the night (see Figure 2): placebo (men: h2–6 > h1, h3 > 
h2; women: h6 > h1, h5 > h3,4), low-alcohol dose (men: h2,3 > h1, h3 > 
h1; women: h4–6 > h1–3, h6 > h4,5), and high-alcohol dose (men: h2–4,6 
> h1, h3 > h2; women: h5–6 > h4) (p < 0.05). PEP was faster (greater 
sympathetic activity) in h3 of the placebo night and in h3,4 of the 
high-alcohol dose night, in women compared to men (p < 0.05).

Nocturnal SBP and DBP

Nocturnal patterns for SBP and DBP are shown in Figure 3.
SBP displayed a significant sex × alcohol condition × time 

(chi2 = 29.20, p = 0.001) interaction effect. SBP was lower in h1 of 
the high-alcohol dose night in men (p = 0.042) and higher in h6 
of the high-alcohol dose night in women (p = 0.034), compared to 
placebo. No significant differences were detected between low- 
and high-alcohol doses in men, while in women, SBP was higher 
during the high-alcohol dose night compared to the low-alcohol 
dose night in h5,6 (p < 0.05). Within-night changes in SBP followed 
different patterns between sexes and across conditions: placebo 
(men: ns.; women: h6 > h4,5), low-alcohol dose (men: ns.; women: 
h6 > h2,3), and high-alcohol dose (men: h2–5 > h1, h4 > h3; women: 
h5,6 > h2–4; p < 0.05).

Similarly, DBP displayed a significant sex × alcohol condition 
× time (chi2 = 37.43, p < 0.001) interaction effect, with both al-
cohol condition- and sex-specific within-night patterns for DBP: 
placebo (men: ns.; women: h6 > h5), low-alcohol dose (men: h3,6 
> h1, h6 > h2; women: h4–6 > h1,2, h6 > h3), and high-alcohol dose 
(men: h2,5 > h1, h6 < h2; women: h6 > h2–4, h5 > h4; p < 0.05).

Nocturnal BRS

The nocturnal patterns for BRS− and BRS+ are shown in Figure 4.
There was a significant sex × alcohol condition × time 

(chi2 = 35.60, p < 0.001) interaction effect for BRS+. In both men 
and women, BRS+ was suppressed during the low-alcohol dose 
(significantly in h1,3–4,6 in men, and in h2 in women) and the 

Figure 2. Mean and standard errors of PEP (an index inversely related to cardiac sympathetic activity) across the first 6 h of the placebo, low-alcohol dose, and high-

alcohol dose nights in men and women. In the graphs, the significant differences between alcohol conditions are marked by “caret” (low-alcohol dose night vs. placebo 

night), “asterisks” (high-alcohol dose night vs. placebo night), and “tilde” (high-alcohol dose night vs. low-alcohol dose night).
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Figure 3. Mean and standard errors of SBP and DBP across the first 6 h of the placebo, low-alcohol dose, and high-alcohol dose nights in men and women. In the graphs, 

the significant differences between alcohol conditions are marked by “asterisks” (high-alcohol dose night vs. placebo night) and “tilde” (high-alcohol dose night vs. 

low-alcohol dose night).

Figure 4. Mean and standard errors of BRS down (BRS−) and up (BRS+) sequences, across the first 6 h of the placebo, low-alcohol dose, and high-alcohol dose nights 

in men and women. In the graphs, the significant differences between alcohol conditions are marked by “caret” (low-alcohol dose night vs. placebo night), “asterisk” 

(high-alcohol dose night vs. placebo night), and “tilde” (high-alcohol dose night vs. low-alcohol dose night).
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high-alcohol dose (significantly in h1–4,6 in men and in h2–5 in 
women) nights, compared to placebo. In addition, in women 
only, BRS+ was lower during the high-alcohol dose night com-
pared to the low-alcohol dose nights in h4–5. Alcohol condition- 
and sex-specific within-night patterns for BRS+ were apparent: 
placebo (no significant within-night changes), low-alcohol dose 
(men: h3–6 > h1, h5–6 > h2, h5 > h3–4, h6 < h5; women: h2 < h1, h5 > h2, 
h6 > h3), and high-alcohol dose (men: h6 > h1–3, h5 > h3; women: h4 
< h1, h6 > h2–5; p < 0.05).

There was a significant alcohol condition × time (chi2 = 45.73, 
p  <  0.001) interaction effect for BRS−. BRS− was suppressed 
during both the low-alcohol dose (significantly in h2–3) and high-
alcohol dose (significantly in h1–6) nights, compared to placebo, 
in both men and women (p  <  0.05). Alcohol condition-specific 
within-night patterns for BRS− were detected: placebo (no sig-
nificant within-night changes), low-alcohol dose (h5–6 > h1–4, h4 > 
h2), and high-alcohol dose (men: h6 > h2–5, h5 > h3–4; p < 0.05).

PSG sleep stages distribution across hours of 
the low-alcohol dose, high-alcohol dose, and 
placebo nights

PSG sleep composition across hours of the night is shown in 
Figure 5.

Wake displayed a significant sex × alcohol condition × time 
(chi2 = 27.47, p = 0.002) interaction effect. In h5 for women and 
in h3 for men, the percentage of wake was higher in the high-
alcohol dose night compared to placebo (p  <  0.05). The per-
centage of wake was elevated in women compared to men in h5 
and h6 of the high-alcohol dose night (p < 0.05). Few differences 
in alcohol condition- and sex-specific within-night patterns for 

wake were detected: placebo (men: h2–3 < h1; women: h2,6 < h1), 
low-alcohol dose (men: h2–3,6 < h1; women: h2 < h1), and high-
alcohol dose (men: h5–6 > h1; women: h5 > h4; p < 0.05).

N3 displayed a significant alcohol condition × time (chi2 = 26.14, 
p = 0.004) interaction effect. The percentage of N3 was greater in 
h6 of the high-alcohol dose night compare to that of both placebo 
and low-alcohol dose nights (p < 0.05). As expected, N3 percentage 
progressively reduced across the placebo (h3–6 < h1, h4–6 < h2, h5–6 < 
h3, h6 < h4), low-alcohol dose (h2–6 < h1, h4–6 < h2–3, h6 < h4–5) and high-
alcohol dose (h3–6 < h1, h4–6 < h2, h4–5 < h3) nights (p < 0.05). Similarly, 
there was a main effect of time for N2 (chi2 = 25.93, p < 0.001) and 
REM (chi2 = 73.71, p < 0.001) sleep. N2 (h2–6 > h1, h4 > h2–3, h6 < h4–5) 
and REM (h2–6 > h1–2, h4 > h2–3, h6 > h3–4) percentages progressively 
increased across hours of the placebo, low-alcohol dose, and high-
alcohol dose nights in both sexes (p < 0.05).

Discussion
Our results show that acute evening alcohol consumption at 
levels below those considered indicative of heavy drinking, has 
marked dose- and time-dependent effects on sleep ANS and 
CV regulation in healthy adult men and women, impacting 
nocturnal CV homeostasis. Presleep alcohol ingestion resulted 
in elevated nighttime HR (~4% faster during the low-alcohol 
dose night and ~14% faster during the high-alcohol dose night, 
compared to placebo). The alcohol-related cardiac acceler-
ation was particularly evident at the beginning of the night. As 
the night progressed, HR returned to the placebo level in the 
morning hours, in the low-alcohol dose, but remained elevated 
throughout the night in the high-alcohol condition. In associ-
ation with increased HR, nocturnal total HRV, an index reflecting 

Figure 5. Hourly sleep stage composition for the first 6 h of the placebo, low-alcohol dose, and high-alcohol dose nights, separately for men (top panel) and women 

(bottom panel) (100% stacked area charts).
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ANS flexibility, and high-frequency HRV, indicating vagal ac-
tivity, and BRS, indicating baroreflex control of acute BP changes 
via ANS modulation, were suppressed and cardiac sympathetic 
activity was increased following alcohol consumption, particu-
larly during the high-alcohol dose night. In addition, in women 
only, SBP was increased during the morning hours of the high-
alcohol dose night.

Our findings are similar to, and extend those of, Sagawa et al. 
[23] who found increases in HR, and to a greater extent, a sup-
pressed cardiac vagal HRV activity in the first and last 3  h of 
the night in response to presleep alcohol intake at similar doses 
and administration time, in 10 healthy young men. We found 
that HR took longer to recover after a high-alcohol dose, similar 
to the findings of Sagawa et  al. [23], who found a greater im-
pact of the high-alcohol dose on nighttime cardiac ANS func-
tion and less within-night ANS recovery. In addition, they found 
that low-to-high HRV (an ANS index thought to reflect cardiac 
sympathovagal balance; see [21]) was increased in response to 
alcohol intake [23]. Our study confirmed that alcohol-related 
cardiac vagal ANS suppression was paired by a cardiac sym-
pathetic ANS activation, measured by PEP via ICG, a validated 
index reflecting cardiac sympathetic beta-adrenergic ANS ac-
tivity (see [21]). Further studies employing a direct measure of 
nighttime sympathetic drive (e.g. via microneurography) [21] 
may help confirm the presence of specific nighttime sympa-
thetic ANS alterations following alcohol ingestion.

The changes in CV and ANS measures that we found after 
presleep alcohol consumption could reflect a variety of central 
and/or peripheral actions of alcohol and its metabolites as well 
as compensatory actions of the body against the effects of al-
cohol. For example, while ethanol exerts a direct depressor effect 
on the heart (e.g. decreases in contractility), there is a compensa-
tory increase in catecholamines [48, 49], which would increase HR. 
Activation of compensatory factors against the initial vasodilatory 
effect of alcohol, such as presso-receptor mediated reflex mechan-
isms [9, 16, 48], could also explain why we found no change in SBP 
(women) or only a transient decrease in SBP (men) in the first hour.

ANS and CV system activities are modulated by sleep stage 
dynamics (sleep stage composition) and by transient desyn-
chronized (e.g. arousals) and synchronized (e.g. K-complex) 
sleep events, and by circadian rhythms [21, 22, 50]. However, 
only small hourly differences in PSG sleep composition between 
placebo, low- and high-alcohol dose nights were detected in our 
study, suggesting that the impact of evening alcohol consump-
tion on the dynamics of sleep ANS and CV regulation, at the 
levels investigated here, is largely independent of alterations in 
sleep macrostructure. Higher amounts of presleep alcohol have 
a more substantial impact on sleep macrostructure (see [51, 52]), 
which could contribute to CV changes across the night; further 
work is required to investigate this possibility. Alcohol also al-
ters sleep microstructure (e.g. enhanced sleep EEG Delta and 
Alpha activity; see [52]), and given the tight coupling between 
cortical and cardiac activity during sleep [21], the analytics of 
continuous CNS-ANS dynamics (e.g. strength, time-course, and 
directionality) of cortical and cardiac relationships in response 
to alcohol intake warrants further investigation. Finally, al-
cohol exerts direct effects on the circadian pacemaker as well 
as downstream of the pacemaker [53], which could contribute 
to the alcohol-induced changes in the time-course of ANS and 
CV measures across the night that we found, although studies 
are required in individuals kept under constant conditions to 

determine true circadian effects. Given the multiple mechan-
isms of action of alcohol and metabolites, as well as compen-
satory responses, it is challenging in human studies to isolate 
the specific mechanism of action of alcohol on CV and ANS 
regulation.

Several factors need to be accounted for in the interpretation 
of dose-dependent and sex differences in the effect of alcohol on 
sleep ANS and CV regulation, including alcohol metabolic pro-
cesses (individual differences in the rate of alcohol absorption, 
alcohol distribution in the body, rate of elimination, etc.) and 
sensitivity of the ANS and CV system to alcohol [54]. In the cur-
rent study design, after receiving a standardized meal, all parti-
cipants received a fixed amount of alcohol (oral administration) 
within a 2-h drinking time and fixed 30  min between-drinks 
intervals before bedtime. The total amount of evening liquid 
intake was 600 mL (see Table 2 for details), and the amount of 
alcohol administration was independent of individuals’ body 
weight and body composition, factors that are known to affect 
both interindividual variation and sex differences in alcohol 
metabolism [55], reflecting the complexity of alcohol pharma-
cokinetics [54].

We found some sex differences in the effects of alcohol con-
sumption on CV and ANS measures, mostly in the patterns 
of responses across the night. These findings should be inter-
preted cautiously given the relatively small sample size of men 
and women, however, given that alcohol use, including binge 
drinking, is increasing in adult women [56], further study of sex 
differences in ANS and CV responses to alcohol are warranted. 
No sex differences were detected in the BrAC after high-dose 
alcohol consumption (four drinks for men and three drinks for 
women), but in the low-alcohol dose condition (two drinks for 
men and one drink for women) men had a higher amount of 
alcohol intake per body weight and greater presleep BrAC than 
women. This may have resulted in an underestimation of the 
potential sex differences in the impact of alcohol on ANS and CV 
function in the low-alcohol dose condition. Furthermore, as ex-
pected, women had greater body fat and lower body water per-
centages than men, possibly resulting in differences in BAC peak 
and elimination rate [54, 57] that may have affected sleep ANS 
and CV patterns between sexes. Other factors like lower levels 
of alcohol dehydrogenase (the major alcohol-metabolizing en-
zyme) in women [54] and sex differences in alcohol sensitivity 
may also be important. For example, Cofresi and Bartholw [58] 
showed greater sensitivity in daytime acute alcohol-induced 
HR increases in young women compared to men, even after 
accounting for between-person differences in BMI, BrAC (the 
target BrAC peak was 0.08%, obtained by adjusting the alcohol 
dose based on age, sex, weight, and height), recent alcohol use, 
perceived stimulating effect of alcohol, and contextual social 
drinking factors.

In our study, we did not control for menstrual cycle phase 
or reproductive stage, factors than may have influenced the 
patterns of sleep ANS and CV activity. Women’s reproductive 
hormones fluctuations (e.g. menstrual cycle and reproductive 
stage) may affect alcohol pharmacokinetics [54, 59], and sleep 
and sleep ANS and CV regulation [60–62]. Further larger studies 
are needed to evaluate the interaction between women’ s repro-
ductive hormones, and ANS and CV nighttime profiles following 
alcohol ingestion, as well as the interaction between alcohol 
metabolism, BAC curves, and nighttime ANS and CV dynamics 
in men and women.
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There is a need for empirical evidence to address the lack of 
scientific support for how much people could drink within safe 
(or beneficial) ranges, particularly when considering the com-
plex relationship between alcohol consumption and CV risk. 
The results of this study highlight a dose-dependent acute alter-
ation in sleep ANS and CV regulation following evening alcohol 
consumption within “low-risk drinking levels” (below five drinks 
for men and four drinks for women) in healthy adults. Further 
studies are needed to investigate central and peripheral mech-
anisms underlying the impact of repeated evening alcohol con-
sumption on sleep CV homeostasis, accounting for biological 
factors like sex, pharmacokinetics of alcohol effects on CV func-
tion, alcohol metabolism and individuals’ sensitivity to alcohol, 
within the context of chronic CV alteration and risk profiles.
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