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Abstract

Background Sleep can have consequential effects on people’s health and well-being, and these effects may vary among younger and older
adults.

Purpose: The goal of the present study was to investigate how sleep relates to physiologic and stress responses in daily life across
adulthood.

Methods \We used an Ecological Momentary Assessment method in a large sample of participants (N = 4,359; Mage = 46.75, SD = 12.39;
69.30% male, 29.85% female) who completed morning sleep diaries, reported subjective stress, and recorded their heart rate and blood pres-
sure for 21 days. Sleep was assessed with self-reports of duration, efficiency, and quality.

Results Using multilevel modeling, between-person analyses showed that sleep duration, efficiency, and quality were negatively related to
morning heart rate and stress, such that people who slept longer, more efficiently, or better experienced lower heart rate and stress compared
to those who slept shorter, less efficiently, or worse. Within-person analyses showed that sleep duration, efficiency, and quality predicted
morning heart rate, blood pressure (though less consistently), and stress. That is, people experienced lower heart, blood pressure, and stress
following nights when they slept longer, more efficiently, or better than they typically did. These within-person relationships were moderated
by age, such that the effects of better and longer sleep on lower morning heart rate, blood pressure, and stress were stronger among younger
than older adults.

Conclusion These findings suggest that daily variations in sleep show immediate associations with stress and physiologic responses, but these
daily variations have a stronger relationship among younger compared to older adults.

Lay Summary

We examined how sleep influences people’s blood pressure and well-being among younger and older adults. Participants (N = 4,359) completed
questionnaires in the morning over the course of 21 days and reported how well and how long they slept that night and how stressed they
felt. They also recorded their heart rate and blood pressure using an optic sensor on their phones. Our analyses showed that people who slept
longer, more efficiently, or better experienced lower levels of heart rate and stress on average compared to those who slept shorter, less effi-
ciently, or worse. In addition, we examined how changes in sleep influenced stress, heart rate, and blood pressure for a given individual. These
analyses showed that people experienced lower heart rate, lower blood pressure, and less stress following nights when they slept longer, more
efficiently, or better than they typically did. These relationships varied by age such that the beneficial effects of sleep were more pronounced
among younger than older adults. That is, receiving a particularly good night of sleep tends to be beneficial for younger adults, whereas older
adults may not be influenced as strongly by the quality and duration of their sleep.
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Introduction cardiovascular health [9,10]. The present study examined the
relationships between several facets of sleep and heart rate,
blood pressure, and stress.

In taking stock of the literature, it is important to con-
sider the array of methods that have been used to study sleep.
Much of this research has relied on cross-sectional studies
to assess various indicators of sleep as an individual differ-
ence [11,12]. Longitudinal studies measure sleep at different
stages of people’s lives to assess changes over time [13,14]. In

Short sleep duration is a major health issue as roughly a third
of American adults report getting less than the recommended
7 hours of sleep per night [1]. The effects of limited sleep dur-
ation on cognitive, behavioral, physiological, and health out-
comes have been well documented in prior research [2-4].
Additionally, poor subjective sleep quality has been associ-
ated with higher daytime stress and emotional lability [5-8]
as well as increased rates of hypertension and poorer overall
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other studies, sleep has been manipulated to examine causal
effects of sleep loss [15]. Finally, a growing body of research
has relied on Ecological Momentary Assessment (EMA) [16]
methods by asking participants to provide reports about their
sleep quantity and quality daily over the course of several
days or weeks [17,18]. Each of these methods has its own
strengths and weaknesses and can address fundamentally dis-
tinct questions that provide nuanced depictions of the nature
of sleep and its effects on outcomes.

The present research uses an EMA method to advance our
understanding of sleep and how it is related to physiologic
responses and reports of stress in daily life. (We use the term
physiologic responses to refer to within-person variation in
physiology, whereas the term physiological outcomes refer to
between-person variation in aggregated states.) One advan-
tage of assessing these outcomes in daily life is that partici-
pants are not forced to rely on extensive recall, which is often
fraught with heuristics and biases [19,20]. Furthermore, re-
peated assessments in daily life can capture a random sample
of time points, which allows for the generalization of the find-
ings to a larger population of time points in someone’s life.
In the present study, we sampled morning responses which
allowed us to generalize the findings to typical mornings of
people’s lives. Hence, the data are considered ecologically
valid [16,21]. Finally, of critical importance for our study,
EMA methods allow for the examination of between- and
within-person relationships. These distinct levels of analysis
are mathematically orthogonal and represent distinct psycho-
logical processes [22-24]. The first aim of the present study
was to examine both between-person and within-person re-
lationships with a large and diverse sample of participants.

Prior cross-sectional studies have shown that people who
do not receive adequate amounts of sleep have a higher risk of
hypertension [10]. This association could be attributed to the
fact that a habitual lack of sleep could influence the sympa-
thetic nervous system, circadian rhythm, and concentrations
of hormones [25,26]. Cross-sectional studies have also shown
that people who report lower subjective sleep quality and
shorter sleep duration experience higher levels of negative af-
fect on average [6]. Moreover, longitudinal studies similarly
document lagged effects from short sleep duration to increased
risk of hypertension [10], and daily diary studies have shown
that shorter sleep duration predicts higher stress on the fol-
lowing day [27,28]. In light of these findings, we hypothesized
that sleep duration, efficiency, and subjective quality would be
negatively related to heart rate, blood pressure, and stress at
between- and within-person levels of analysis.

In addition to examining between-person and within-
person relationships between sleep and physiologic and stress
states, we also consider the important moderating influence
of age. Heart rate and blood pressure change throughout
the lifespan [29] as does the quality and duration of people’s
sleep [30]. Moreover, the influence of someone’s sleep on their
physiology and stress in daily life may vary as people get older.
Research has shown that older adults are less hindered cogni-
tively and emotionally in response to experimentally-induced
sleep deprivation compared to younger adults [31-33]. These
effects may be attributed to the fact that older adults have
higher baseline levels of cognitive deficits, and older adults
change their emotion regulation strategies such that they at-
tempt to minimize negative affective experiences to a greater
extent than younger adults [33]. These mechanisms could
also influence people’s physiologic responses as they get older.
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Compared to younger adults, sleep in older adults is often
marked on average by reduced slow wave sleep and more
minutes awake during the night (i.e., more fragmented sleep),
which may affect physiologic responses in the morning [34].

Therefore, we aimed to examine the moderating effect of
age on (a) the between-person relationships between average
sleep duration and quality and physiologic outcomes and
stress and (b) the within-person relationships between daily
sleep duration and quality and physiologic responses and
stress. The moderation effects address two distinct processes.
The first considers whether the benefits of being someone who
tends to sleep better/longer on physiologic and stress out-
comes are the same for individuals who are younger versus
older. For example, it may be that people who typically sleep
better have lower heart rate, but that is primarily true for
younger individuals, and as people age the benefits of typic-
ally having good quality sleep are reduced. The second con-
siders whether the effects of sleeping better or worse than one
typically does confer similar physiologic and psychological
benefits across the lifespan. For example, it may be that heart
rate is lower after a particularly good night of sleep compared
to a poor night of sleep, but this is only true for people who
are younger. In contrast, for people who are older, there may
be less differentiation in morning heart rate when comparing
a good night with a bad night of sleep.

Method

Participants and Procedure

Data, materials, and analyses are available at https://osf.
io/2czqpl. Participants were volunteers who downloaded the
MyBPLab (https://mybplab.com) app via Google Playstore on
their smartphone. The website notes that the study is designed
to learn about stress, emotional experiences, blood pressure,
and heart rate in daily life. The app requires a compatible
phone (e.g., Samsung S9) with an embedded optic sensor
(photoplethysmograph) that could be used to estimate blood
pressure and heart rate (see [35] for validation study). We de-
signed the study so that participants received notifications
on their phones three times per day for a 21-day cycle. At
each check-in (once in the morning, afternoon, and evening),
participants received immediate feedback about their heart
rate and blood pressure levels and were asked several other
questions about their present situation. In addition to these
daily questions, all participants completed basic demographic
measures as part of the onboarding process and participants
could also choose to complete additional demographic and
individual difference questionnaires. The data analyzed in this
paper included those who participated from March 15,2019,
until July 1, 2021. The study was approved by the Human
Research Protection Program at the University of California,
San Francisco (IRB # 19-27169). Additional analyses of some
of the data that were unrelated to the present study have been
published previously [36].

For the analyses presented in this paper, we were interested
in participants who provided relevant demographic informa-
tion, sensor readings for heart rate and blood pressure, and
daily measures of sleep and stress. Because the sleep ques-
tions were asked only in the morning, we restricted our ana-
lyses to measures that were completed during the morning
check-ins. The sleep questions were initially administered
only once every three days, such that 15% of the participants
received a maximum of seven check-ins with sleep questions.
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Table 1 Participant Demographics
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Averages (SD)

N Percentage Sleep duration Sleep efficiency (%) Subjective sleep quality
Gender
Male 3,021 69.30% 6.66 (1.09) 90.92 (7.28) 2.90 (0.46)
Female 1,301 29.85% 6.63 (1.26) 89.17 (8.69) 2.84 (0.48)
Other 37 0.85% 6.81 (1.06) 88.22 (9.48) 2.75 (0.49)
Age
18-29 years old 335 7.69% 6.70 (1.26) 89.66 (9.68) 2.80(0.48)
30-39 years old 944 21.66% 6.58 (1.26) 89.67 (8.58) 2.80 (0.47)
40-49 years old 1,320 30.28% 6.57 (1.12) 90.28 (7.94) 2.84 (0.46)
50-64 years old 1,382 31.70% 6.68 (1.04) 90.73 (6.96) 2.94 (0.45)
65+ years old 378 8.67% 6.97 (1.08) 91.70 (5.71) 3.07 (0.45)
Country
United States 2,780 64.10% 6.64 (1.19) 90.24 (7.90) 2.90 (0.47)
United Kingdom 523 12.06% 6.68 (1.02) 90.26 (8.24) 2.80 (0.47)
Australia 312 7.19% 6.58 (1.28) 89.58 (8.66) 2.82(0.47)
Canada 308 7.10% 6.85 (0.93) 91.41 (5.40) 2.89 (0.40)
Other 414 9.55% 6.58 (1.05) 90.92 (7.55) 2.90 (0.45)
Education
Elementary School (No High School) 99 2.32% 6.63 (1.20) 90.08 (7.18) 2.85(0.54)
High School or GED 569 13.34% 6.66 (1.21) 89.54 (9.67) 2.84 (0.50)
Some college 976 22.88% 6.55 (1.16) 89.95 (7.94) 2.87(0.49)
2-Year degree 468 10.97% 6.49 (1.36) 89.80 (8.33) 2.84 (0.46)
4-Year degree 1,108 25.97% 6.72 (1.06) 90.78 (6.91) 2.90 (0.44)
Graduate School 1,046 24.52% 6.76 (1.03) 90.99 (7.20) 2.91(0.42)
Race/Ethnicity
Non-Hispanic White 2,919 67.32% 6.76 (1.12) 90.56 (7.56) 2.88 (0.46)
Non-Hispanic Black 238 5.49% 6.15 (1.24) 89.20 (7.45) 2.90 (0.595)
Non-Hispanic Asian 311 717% 6.43 (1.00) 90.73 (7.28) 2.84 (0.44)
Hispanic/Latinx 367 8.46% 6.43 (1.21) 90.06 (8.90) 2.86 (0.48)
Multiple Races 128 2.95% 6.19 (1.33) 87.41 (11.53) 2.82 (0.50)
Other 373 8.60% 6.68 (1.02) 90.75 (7.15) 2.93 (0.45)
Hypertension present 1,313 30.56% 6.62 (1.12) 90.03 (7.80) 2.87 (0.46)
Hypertension absent 2,983 69.44% 6.66 (1.15) 90.52 (7.79) 2.88 (0.47)

They completed an average of 3.64 check-ins (SD = 1.03).
The procedure was later altered such that 85% of the par-
ticipants received sleep check-ins every morning. They com-
pleted an average of 7.42 (SD = 4.52) sleep check-ins. We
decided to include participants who provided their age and
at least three-morning check-in reports of their sleep. (We
used all available data, which meant that some participants
completed more than three check-ins.) Because the goal of
an EMA study is to capture a random sample of time points
from the larger population of time points of someone’s life,
we aimed to capture as reasonable of a sample as possible
[21]. One or two completions seemed inadequate, whereas
any limit higher than three seemed to be overly restrictive
and led to a high rate of deletions. For instance, a require-
ment of five check-ins would have reduced the sample by
roughly 50%. In addition, three check-ins were necessary
to calculate within-person slopes when examining within-
person differences in sleep.

For the descriptive statistics, we describe the entire pool of
participants (i.e., anyone included in any of the analyses). In

total, 4,359 participants (M__ = 46.75, SD = 12.39, Range
18-83; 69.30% male, 29.85% female) who were fairly di-
verse in age and race/ethnicity completed the study. Full de-
scriptions are presented in Tables 1 and 2. Although the app
was only available in English, the app was globally available
and could be directly downloaded in the following coun-
tries’ Google Playstores: USA, UK, Australia, Canada, India,
Singapore, Hong Kong, and New Zealand.

Person-Level Measures

In addition to standard demographic questions about age,
gender, and race/ethnicity, we obtained highest educa-
tion achieved, subjective socioeconomic status, height and
weight (we calculated body mass index [BMI]), and hyper-
tension status. These variables were included as person-level
covariates in analyses that examined between-person relation-
ships. Education was assessed with the question, “What is the
highest level of education that you completed?” Responses
were reported on a 6-point scale (1 = elementary school or
no high school diploma, 2 = high school or GED, 3 = some
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Table 2 Descriptive Statistics and Correlations Among Demographic and “Baseline” Physiologic and Stress Variables

Variable N M SD 1 2 3 4 5 6 7

1. Age 4,359 46.75 12.39

2. Education 4,266 4.18 1.48 -0.02

3. Subjective socioeconomic status® 3,955 5.82 2.19 0.12 0.20

4. BMI 4,277 29.65 6.62 0.01 -0.10 -0.10

5. Heart rate (bpm) 4,236 61.89 9.31 -0.15 -0.07 -0.09 0.18

6. Systolic blood pressure (mmHg) 3,229 126.48 16.27 0.13 -0.07 -0.01 0.23 0.12

7. Diastolic blood pressure (mmHg) 3,229 80.88 11.89 -0.05 -0.01 -0.01 0.13 0.18 0.69

8. Stress (1 to 5 scale) 3,632 1.66 .87 -0.11 0.04 —-0.05 0.01 0.07 0.05 0.07

1 to 10 with 10 indicating highest relative income.

Note: For these descriptive statistics, we identified the check-in in which participants reported their lowest heart rate during the course of the study to
capture the best analog of a “baseline” recording. We used the heart rate, blood pressure, and stress reports during this particular check-in and examined
their correlations with the demographic variables and other physiologic and stress variables. Correlations with absolute values >0.03 were significant at
p < .05; absolute values >0.04 significant at p < .01; absolute values >0.05 significant at p <.001.

college, 4 = 2-year college degree, 5 = 4-year college degree,
6 = graduate school degree). Subjective socioeconomic status
was assessed with a measure that asked participants to place
themselves on a ladder that represented where they stand
compared to others in their country [37]. The highest scores
(1) represented the wealthiest people whereas the bottom
(10) represented the poorest people. Scores were reverse-
coded such that higher scores indicated greater wealth. We
used this measure as opposed to a specific currency because
of the intended global reach of this study and the import-
ance of relative subjective socioeconomic status. BMI was cal-
culated with the following formula: weight (pounds)/height
(inches)? x 703. Unrealistically high or low values for weight
(<80 pounds or >500 pounds) and height (<36 inches or >84
inches) were treated as missing as were unrealistically high
or low BMI values (<15 or >60). Hypertension was assessed
during the initial onboarding where participants indicated the
presence or absence of various chronic illnesses or conditions.

Daily Measures

At each check-in, participants provided a heart rate and blood
pressure response by placing their index finger over the optic
sensor for 30-45 s. We encouraged participants to calibrate
their blood pressure with an external cuff at the start of the
study, and as further incentive (and for health safety reasons),
participants were only able to view their blood pressure levels
if they provided a calibration value. Because of the import-
ance of calibration in the BP algorithm [35], we only include
participants with calibrated blood pressure values. Extreme
values of heart rate (HR; <30 and >200), systolic blood pres-
sure (SBP; <80 and >210), and diastolic blood pressure (DBP;
<50 and >180) were set to missing. (5.44% of the partici-
pants recorded at least one extreme value, and only 1.67%
recorded more than three extreme values, which were set to
missing.) Check-in blood pressure values also were omitted if
the participant responded affirmatively to the question “have
you exercised in the last 30 minutes?” given exercise acutely
raises blood pressure. Next, participants answered questions
about where they were, who they were with, and whether
they had experienced any particularly stressful events since
their last check-in (yes/no). If they answered no to the acute
stress question, they responded to a statement reflecting their
chronic stress: “I feel stressed, anxious, overwhelmed” on a
S-point scale (1 = not at all, 5 = extremely). We used this latter

measure of stress as our primary subjective stress response,
given the vast majority of responses (86.38%) did not indi-
cate a recent acute stressor during the morning check-ins.

Every one to three mornings they were asked a few ques-
tions about their sleep. (Sleep questions were initially asked
every third day but in September 2019 we switched to
everyday.)

We aimed to measure sleep duration, efficiency, and sub-
jective sleep quality by selecting a few items from the core
consensus sleep diary [38]. To assess sleep duration, partici-
pants were asked what time they tried to go to sleep last night
(lights out) and what time they woke up today. 250 (0.32% of
responses) sleep and wake-up times were deemed unrealistic
and were treated as missing. They were also asked how long it
took them to fall asleep (in minutes; sleep onset latency) and
how long they were awake during the night (in minutes; wake
after sleep onset). We created a sleep duration variable by cal-
culating the difference between the time they reported waking
up from the time they reported going to bed and subtracting
the number of minutes it took to fall asleep as well as the
minutes they were awake during the night. We also created
a sleep efficiency variable by dividing total sleep time by the
total amount of time spent in bed*100. Finally, to assess sub-
jective sleep quality, participants were asked, “How would
you rate the quality of your sleep last night?” Responses were
recorded on a 4-point scale (1 = very bad, 2 = fairly bad, 3 =
fairly good, 4 = very good).

Analytic Overview

First, we present descriptive statistics of the daily measures.
Next, we examine between-person associations between ag-
gregated sleep measures and physiologic and stress outcomes.
We look at each measure of sleep (i.e., sleep duration, sleep
efficiency, sleep quality) as its own predictor and ask whether
people who sleep better/longer on average tend to experience
lower heart rate, lower blood pressure, and less subjective
stress compared to those who do not sleep as well or as long.
Extending the research beyond between-person analyses, we
then examine the within-person associations between sleep
and physiologic and stress responses. For the average person,
we ask whether they experience lower heart rate, blood pres-
sure, and stress following nights when they report sleeping
particularly better or longer than they typically do. Following
these analyses, we examined the moderating effect of age on
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(a) the between-person relationships between average sleep
and average physiologic and stress outcomes and (b) the
within-person relationships between these same variables.

Because data collection began before and continued during
the Covid-19 pandemic, we examined whether the between-
person and within-person relationships between sleep and
physiologic and stress outcomes varied before versus during
the pandemic. Of the 24 models, the only significant inter-
action involved the between-person relationship between
average sleep quality and heart rate (b = 1.86, t = 2.54,
p =.011), such that the relationship was weaker before (b =
~0.91,1 = -1.78, p = .076) than during (b = -2.73, ¢ = -5.01,
p <.001) the pandemic. All other interactions were not sig-
nificant (ps > .05). Therefore, we collapsed across time-period
in the analyses.

Given the nested data structure (morning check-ins nested
within individuals), we used multilevel modeling with the
Ime4 package in R [39]. In a series of two-level models, check-
ins were nested within persons. We present unstandardized
coefficients, and details of each specific model are presented
below. Effect sizes, 7, and 7, were calculated following re-
commendations by Rights and Sterba [40]. The 7, (r, ) stat-
istic is defined as the square root of the proportion of variance
explained by between-person (within-person) predictors via
fixed slopes and random slope variation/covariation. This is
similar to a measure of the square root of the proportion re-
duction in variance, akin to a correlation [41-43].

Results

Descriptive Statistics of Daily Measures

We first provide descriptive statistics of the daily measures
through unconditional models. These models provide es-
timates of the means and variances of each daily measure.
As shown in Table 3, there was more within-person than
the between-person variance for most of the sleep measures,
whereas most of the variation of the physiologic measures
occurred between-persons. Stress varied within- and between-
persons in roughly equal amounts. Overall, there was con-
siderable within- and between-person variance for all daily
measures to examine analyses at each level.

Between-Person Relationships Among Aggregated
Sleep and Physiologic/Stress Outcomes

To examine the between-person relationships between sleep
and physiologic and stress outcomes, we created aggregated

Table 3 Descriptive Statistics of Daily Measures

457

sleep measures by averaging scores across all check-ins for
each participant. We entered the four aggregated sleep meas-
ures as uncentered person-level predictors in separate models.
Additional person-level covariates (age, gender, education,
subjective socioeconomic status, race/ethnicity, BMI, hyper-
tension) were also entered at level 2. Heart rate, blood pres-
sure, and stress were outcome measures at level 1 in separate
models. (See Model 1 in Supplemental Materials.)

As presented in Table 4, when examining between partici-
pants, longer average sleep duration and higher average sleep
efficiency were associated with lower HR and stress, but they
did not significantly predict SBP or DBP. Higher average sleep
quality was associated with lower HR, lower SBP, lower DBP,
and less stress. Significant effect sizes ranged from small to
medium in magnitude.

Within-Person Relationships Between Sleep and
Physiologic and Stress Responses

To examine the within-person relationships between sleep
measures and physiologic and stress responses in the morning,
we entered HR, SBP, DBP, and stress as outcome measures in
separate models. Here, rather than focusing on average levels,
we examine within-person variation from day to day. Thus,
the individual sleep variables were centered around each
individual’s mean and were entered as predictors at level 1
in separate models [44]. We used calibrated data for SBP and
DBP, and we used data only from participants who provided
their age. (See Model 2 in Supplemental Materials.)

As presented in Table 5, longer sleep duration was associ-
ated with lower HR and SBP, and less stress, but was not sig-
nificantly associated with DBP. (The r [/ effect size estimates
may not correspond intuitively to #-values and p-values.
Separate variance estimates are provided in Supplemental
Materials.) Higher daily sleep efficiency was associated with
lower HR and stress but was not significantly related to either
SBP or DBP. Greater daily sleep quality was associated with
lower HR, SBP, DBP, and stress. In sum, these analyses show
that, in general, as someone sleeps longer or better than they
normally do, they experience lower HR and less stress when
they wake-up in the morning, compared to mornings when
they wake-up after sleeping worse/less. In addition, people
have lower blood pressure following nights of higher quality
sleep, compared to nights in which they slept worse. As with
the between-person effects, daily variations in sleep duration
and efficiency were less consistently associated with blood
pressure. Significant effect sizes ranged in magnitude from
small to medium.

Variance
Outcome variable Total # of entries Total # of people Mean Between-person Within-person ICC
Sleep duration (hrs) 21,638 3,155 6.75 1.02 1.58 0.39
Sleep efficiency (%) 21,617 3,153 90.41 44.00 74.77 0.37
Subjective sleep quality 27,131 4,344 2.89 0.15 0.29 0.34
Heart rate (bpm) 26,225 4236 72.45 108.29 57.79 0.65
Systolic blood pressure (mmHg) 19,597 3,107 128.68 214.39 44.08 0.83
Diastolic blood pressure (mmHg) 19,597 3,107 80.68 106.20 25.00 0.81
Stress (1 to 5 scale) 23,553 3,844 1.72 0.38 0.40 0.49
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Table 4 Between-Person Relationships Between Aggregated Sleep Measures and Physiologic/Stress Outcomes

Predictors

Sleep duration

DV N # Check-ins b [95% CI] t p 7,
Heart rate 2,780 18,919 21.09 [-1.43, -0.75] -6.33 <001 0.13
Systolic blood pressure 2,160 14,616 -0.13 [-0.68,0.42] -0.46 .648 0.02
Diastolic blood pressure 2,160 14,616 -0.13 [-0.53,0.27] -0.65 514 0.03
Stress 2,578 17,324 -0.07 [-0.09, -0.05] -6.04 <.001 0.11
Sleep efficiency
DV N # Check-ins b [95% CI] t p 7,
Heart rate 2,778 18,899 -0.13 [-0.20, -0.08] -5.02 <.001 0.13
Systolic blood pressure 2,158 14,606 ~0.05 [~0.13, 0.04] -1.09 276 0.04
Diastolic blood pressure 2,158 14,606 -0.02 [-0.08, 0.04] -0.65 515 0.02
Stress 2,574 17,307 ~0.01 [-0.02, -0.01] -8.15 <.001 0.18
Sleep quality
DV N # Check-ins b [95% CI] t p 7,
Heart rate 3,795 23,535 -1.78 [-2.51, -1.05] -4.76 <.001 0.13
Systolic blood pressure 2,783 17,492 -2.14 [-3.32,-0.97] -3.57 <.001 0.05
Diastolic blood pressure 2,783 17,492 -1.47[-2.33,-0.61] -3.35 <.001 0.09
Stress 3,460 21,228 ~0.36 [-0.41, -0.31] ~14.47 <001 0.28

Note: These models controlled for age, gender, education, income, race/ethnicity, BMI, and hypertension.

Table 5 Within-Person Relationships Between Sleep and Physiologic/Stress Responses

Predictors

Sleep duration

DV N # Check-ins b [95% CI| t p 7,
Heart rate 3,089 20,966 20.30 [~0.40, -0.20] -5.88 <.001 0.14
Systolic blood pressure 2,401 16,293 -0.10 [-0.19, -0.01] -2.18 .029 0.12
Diastolic blood pressure 2,401 16,293 -0.00 [-0.08,0.07] -0.08 937 0.13
Stress 2,861 19,169 -0.05 [-0.06, -0.04] -10.54 <.001 0.16
Sleep efficiency
DV N # Check-ins b [95% CI] t 14 r
Heart rate 3,087 20,945 20.03 [~0.04, ~0.01] -3.87 <001 0.10
Systolic blood pressure 2,399 16,282 -0.01 [-0.02, 0.01] -1.14 254 0.01
Diastolic blood pressure 2,399 16,282 0.00 [-0.01, 0.01] 0.30 768 0.00
Stress 2,857 19,151 20.00 [~0.01, -0.00] -8.07 <.001 0.15
Sleep quality
DV N # Check-ins b [95% CI] t 14 r
Heart rate 4,235 26,218 -0.65 [-0.85, -0.44] -6.13 <.001 0.14
Systolic blood pressure 3,107 19,594 20.39 [~0.58, -0.20] -4.07 <.001 0.09
Diastolic blood pressure 3,107 19,594 -0.14 [-0.29, -0.00] -1.97 .049 0.10
Stress 3,844 23,551 ~0.16 [~0.18, ~0.14] -16.68 <.001 0.19

Moderating Role of Age on Between- and Within-

Person Relationships

In addition to examining between- and within-person
relationships among sleep and physiologic and stress
outcomes, we examined whether age moderates these

relationships. First, we tested whether the between-
person relationships varied as a function of participant’s
age. We added age and an interaction term as pre-
dictors at the person-level to Model 1. (See Model 3 in
Supplemental Materials.)
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These interactions were not significant (all ps > .07; most
ps >.30). Results are presented in Supplemental Materials.
Thus, the effect of average levels of sleep on average physio-
logic/stress outcomes does not vary significantly by age.

As a separate question, we examined whether the within-
person relationships between sleep and physiological re-
sponses and stress differed by age. To do so, we entered
heart rate, blood pressure, and stress as outcomes in separate
models. Sleep predictors were person-mean centered and en-
tered at level 1 in separate models, just as they were in Model
2. Age and demographic covariates were entered as predictors
at level 2, creating cross-level interactions. (See Model 4 in
Supplemental Materials.)

As shown in Table 6, age moderated the within-person
relationships between sleep duration and HR, SBP, and DBP
but did not significantly moderate the within-person rela-
tionship between sleep duration and stress. As depicted in
Fig. 1, the within-person relationships between longer sleep
duration and lower heart rate and blood pressure were
stronger among younger adults than older adults. Age did
not significantly moderate any of the within-person relation-
ships between sleep efficiency and physiological responses
and stress.

Regarding sleep quality, age moderated the within-person
relationships between sleep quality and heart rate, SBP, and
stress (but not DBP). Similar to the patterns of sleep dur-
ation, the within-person relationships were stronger among
younger adults than older adults. To summarize, the pat-
tern of associations suggests that, on average, changes in
sleep from night to night are more impactful on physiology
and subjective stress for younger people than older people.
Interestingly, the pattern of effects is different for SBP than
for HR, DBP, and stress. For HR, DBP, and stress, age
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differences are most pronounced when people sleep shorter
or worse than usual, such that younger individuals more
than older individuals experience greater increases in HR,
DBP, and stress after a poor/short night of sleep. For SBP,
however, age differences are more pronounced when people
sleep longer or better than usual, with younger adults more
than older adults experiencing greater reductions in SBP
after a longer/better night of sleep.

Discussion

Across a large sample of adults who provided morning re-
cordings of their heart rate, blood pressure, subjective stress,
and various indicators of their sleep over the course of three
weeks, we found that longer sleep duration, higher sleep ef-
ficiency, and better sleep quality predicted lower heart rate
and stress at between-person and within-person levels of
analysis. Although the pattern of results across between- and
within-person levels of analysis were similar, it is important
to emphasize that these levels of analysis represent distinct
processes. For example, between-persons, people who report
higher levels of sleep quality on average report lower sub-
jective stress in the mornings compared to those who report
lower sleep quality, a finding consistent with cross-sectional
research [12]. Within-persons, as someone reports greater
sleep quality than they typically do, they report lower sub-
jective stress in the morning, similar to results from daily
diary research that has measured sleep’s association with a
broader range of negative affective states [7].

A few nuances between the individual sleep indicators
warrant discussion. Sleep quality consistently predicted
lower heart rate, blood pressure, and stress at between- and
within-person levels of analysis. Sleep duration and sleep

Table 6 Cross-Level Interaction Coefficients of Age Moderation of Within-Person Relationships

Predictors

Sleep duration

DV N # Check-ins b [95% CI] t D
Heart rate 2,780 18,919 0.010 [0.001, 0.018] 2.27 .023
Systolic blood pressure 2,160 14,616 0.012 [0.003, 0.020] 2.60 .009
Diastolic blood pressure 2,160 14,616 0.007 [0.000, 0.013] 2.09 .036
Stress 2,567 17,226 0.000 [~0.001, 0.001] 0.61 540
Sleep efficiency
DV N # Check-ins b [95% CI| t P
Heart rate 2,778 18,899 0.001 [-0.001, 0.002] 0.96 .339
Systolic blood pressure 2,158 14,606 0.001 [-0.000, 0.002] 1.32 .188
Diastolic blood pressure 2,158 14,606 0.001 [-0.000, 0.002] 1.49 136
Stress 2,574 17,307 0.000 [~0.000, 0.000] 01 989
Sleep quality
DV N # Check-ins b [95% CI] t p
Heart rate 3,795 23,535 0.023 [0.004, 0.042] 2.42 016
Systolic blood pressure 2,783 17,492 0.022 [0.004, 0.040] 2.45 .014
Diastolic blood pressure 2,783 17,492 0.007 [-0.007, 0.020] .95 .345
Stress 3,460 21,228 0.002 [0.000, 0.004] 2.46 014

Note: These models controlled for age, gender, education, income, race/ethnicity, BMI, and hypertension.
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Fig. 1. Moderating effect of age on the within-person relationships between sleep and physiology and stress. Note: The red line represents those at
age 35, one standard deviation below the mean. The green line represents those at age 47, the mean. The blue line represents those at age 59, one

standard deviation above the mean.

efficiency predicted lower heart rate and stress at each level
of analysis, but they were inconsistently related to blood
pressure. This highlights the importance of including a
variety of different sleep facets [45-47] and suggests that
subjective sleep quality may be a more important indicator
of the physiological effects than recall estimates of sleep
duration.

Extending our findings beyond the main effects of sleep on
physiology and stress, we examined the moderating effects
of age at between- and within-person levels of analysis. Age
did not moderate any of the between-person relationships
but did significantly moderate several of the within-person
relationships. Receiving an extra hour of sleep or sleeping
particularly better than normal had stronger and more bene-
ficial effects among younger than older adults. Thus, it may
be easier for younger adults to improve their short-term car-
diovascular health and subjective stress via better sleep than
it is for older adults.

These insights about the varying associations between
sleep and physiology and stress across the lifespan were
supported by several unique strengths of the method em-
ployed. By asking participants to provide multiple self-
report assessments of their sleep and stress in the morning,
we were able to limit recall bias [16,20]. Although daily
diary and EMA methods have been frequently utilized in
sleep research [48], this study is the first to the best of our
knowledge to combine EMA methods with ambulatory as-
sessments of heart rate and blood pressure from a large
sample using a digital platform that included a wide range
of ages.

Implications and Future Research

These findings point to a few implications and practical ap-
plications. For instance, our results suggest that high quality
sleep might indirectly or directly influence health issues asso-
ciated with hypertension [49] and stress [50,51]. Sleep could
also help mitigate negative outcomes associated with chronic
stress. To confirm the long-term benefits of daily variations in
sleep quality and quantity, longitudinal studies would benefit
from the integration of EMA methods. Our findings also point
to potential avenues for sleep interventions, which could help
improve stress reductions and physiologic reactions in daily
life. In particular, sleep interventions that specifically target
improvements in sleep quality may improve people’s morning
heart rate, blood pressure, and subjective stress. Sleep inter-
ventions that target sleep quantity may be especially useful
in lowering heart rate and subjective stress. Additionally, our
large-scale EMA method that captures objective indicators of
physiology in daily life has important implications for epi-
demiology as it can show which groups of people might be
most impacted by deficits in sleep. These types of findings
could help inform policy makers as they decide on implemen-
tations for specific subgroups of the population.
Understanding the precise mechanisms that explain why
younger adults benefit from better and more sleep than older
adults remains an interesting avenue for future research. The
integrity of the cardiovascular system changes with age, with
older adults showing greater atherosclerotic development and
vascular stiffness, the latter of which contributes to elevated
blood pressure [52]. Because of these age-related changes in
the vasculature and related reduction in system flexibility
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[53], it is possible that there is less variability to be explained
by modest nightly changes in sleep. In contrast, sleep appears
to be a stronger contributor to blood pressure dynamics in
younger adults.

Limitations

A few limitations are worth noting. First, although our
sample was fairly large and diverse in certain regards, our
convenience sample was not representative of the general
population. The sample was primarily from the USA, more
males than females, and the participants were highly edu-
cated, on average. We did not have any control over partici-
pant selection, and hence our sample may have been biased
towards individuals who would likely download an app
that provides blood pressure and heart rate information.
These factors are important to bear in mind when consid-
ering the generalizability of our findings. Second, we relied
solely on self-report measures of sleep, and we did not in-
clude measures that captured objective aspects of sleep, such
as actigraphy or polysomnography. Each method provides
unique information about people’s sleep and integrating
them into future research would be fruitful. Third, as in all
field studies, measurements of physiological responses are
bound to have more errors than measurements obtained in
the lab. In this work, blood pressure and heart rate were
obtained using an optic sensor and required participants to
provide calibrated blood pressure responses. We are not able
to ascertain how carefully participants adhered to instruc-
tions regarding providing calibrated blood pressure values
or the context in which they provided a sensor reading (the
app recommends sitting down with the sensor positioned
at heart height). Valid heart rate is easier to obtain from an
optic sensor than blood pressure, so the effect sizes observed
here (e.g., larger effect sizes for associations between sleep
quality and heart rate than sleep quality and blood pressure)
might be, in part, due to more measurement error in blood
pressure.

Conclusion

In summary, longer sleep duration, higher sleep efficiency, and
better sleep quality predict lower heart rate, blood pressure,
and stress at between- and within-person levels of analysis.
The within-person effects of better and longer sleep are more
pronounced among younger than older adults. This suggests
that sleep has particularly strong temporary benefits on their
physiology and well-being in daily life.
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