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Abstract

Wearable pulse metrics are typically reported as a single daily, waking, or nightly average.
This presentation of the data may mask differences between sleep and wakefulness, tem-
poral variations within a given state, and differences in the amount of signal retained. To
determine whether single-value averages provide a representative summary of free-living
pulse physiology, we analyzed 28 days of smartwatch and smart-ring data from 35 partic-
ipants. Sleep and waking periods were identified using the smart-ring sleep data. Pulse
rate was obtained from the smartwatch-generated values, and pulse rate variability (PRV)
was calculated from the raw photoplethysmography as the root mean square of succes-
sive pulse-interval differences (RMSSD) and standard deviation of pulse-to-pulse intervals
(SDNN). Analyses compared paired sleep—wake periods and examined temporal variability
within both waking and sleep periods. Mean pulse rate was 72.4 beats/min during sleep
and 89.1 beats/min during the subsequent waking period (difference: —16.7 beats/min;
95% confidence interval [CI], —23.0 to —10.2). The mean absolute deviation of the five-
minute waking pulse-rate measurements from the waking-period mean was 10.89 beats/min
(95% CI, 9.75-12.02); on average, 44.6% of waking measurements differed from the mean by
more than 10 beats/min. During sleep, the mean absolute deviation from the period mean
was 4.30 beats/min (95% CI, 3.17-5.56). From earlier to later sleep, RMSSD increased by
40.8% (95% CI, 18.7-67.5%; q = 0.0001) and SDNN increased by 82.6% (95% CI, 51.4-117.4%;
g = 0.0001). Only 8.6% of the waking recordings met the PRV quality criteria, whereas 64.0%
of the sleep recordings did. In summary, single-value averages may not capture differences
between sleep and wakefulness or temporal structure within states; unequal signal retention
may also affect the representativeness of state averages. Therefore, reports of wearable pulse
biomarkers should specify sleep—wake state, within-state timing, aggregation method, and
signal retention criteria.

Keywords: Samsung Galaxy Watch; Oura Ring; photoplethysmography; pulse rate variability;
heart rate variability; sleep

1. Introduction

Pulse rate and beat-to-beat variability from wearables are usually summarized as
one number for a 24-h period, a waking period, or a sleep period. Although these sum-
maries are a convenient way to monitor and compare measurements over time, they do

J. Cardiovasc. Dev. Dis. 2026, 13, 589

https://doi.org/10.3390/jcdd13110589


https://crossmark.crossref.org/dialog?doi=10.3390/jcdd13110589&domain=pdf&date_stamp=2026-11-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcdd
https://www.mdpi.com
https://orcid.org/0000-0001-8641-0753
https://orcid.org/0000-0002-7232-2637
https://doi.org/10.3390/jcdd13110589

J. Cardiovasc. Dev. Dis. 2026, 13, 589

2 0f 13

not account for the temporal and behavioral context. Waking and sleep differ in multiple
respects, including behavior, posture, movement, respiration, sleep physiology, and circa-
dian rhythms [1-5]. Therefore, a 24-h summary may include measurements taken in vastly
different physiological states [6-9].

Separating waking from sleep reduces some of the ambiguity; however, it does not
eliminate all of it. For example, a single summary value for waking may not accurately
reflect nonlinear or context-dependent changes that occur throughout the day [2,7,8]. Sim-
ilarly, sleep is organized temporally [10,11]; stages, homeostatic pressure, and circadian
timing all change over the course of the night. Consequently, single-value waking and sleep
summaries can obscure these physiologically distinct within-state changes. Additionally,
these summaries are defined in many ways: daily and waking values have been derived
from brief standardized resting recordings [12], activity-matched free-living periods [7],
or proprietary resting heart rate algorithms [13], and nightly values have been derived
from whole-night averages, early-sleep segments, end-of-night estimates [14], or estimates
weighted toward a specific sleep stage [15,16]. Because of this within-state temporal struc-
ture, nominally equivalent summaries can represent different parts of the day or night and
may not be directly comparable [17].

Another complication is that signal quality varies within and between waking and
sleep. Free-living photoplethysmography (PPG) is affected by motion, waveform quality,
detector performance [18-20], missing data, sleep—wake boundaries, and the sampling
schedule. These factors determine which measurements are retained after preprocessing.
Signal-quality filtering may preferentially retain quiet, high-quality portions of a state, so
a state average may reflect a selected subset of the entire waking or sleep period. Such
selective retention is particularly relevant for pulse rate variability (PRV), which relies on
accurate pulse timing and is often less completely captured during active waking than
during sleep.

The aim of this study was therefore to determine what single-value 24-h, waking,
and nightly summaries of wearable pulse measurements can and cannot represent under
free-living conditions. Using a publicly available 28-day multimodal wearable dataset, we
investigated differences in pulse measurements between actual sleep and the subsequent
waking period, temporal variation in pulse rate and PRV within waking and sleep, deviations
of individual measurements from waking- and sleep-period averages, and differences in
PRV signal retention between waking and sleep. Sensitivity and corroborating analyses
evaluated the robustness of the primary findings.

2. Methods
2.1. Study Design and Wearable Measurements

This was an observational secondary analysis using a publicly available 28-day multi-
modal dataset collected from September 2022 to June 2023 [21]. Participants in the parent
cohort were first-generation immigrants residing in Finland for no more than five years, aged
18-65 years, fluent in English, and with UCLA Loneliness Scale scores of 28 or higher. Forty-
two participants enrolled; three withdrew, and 39 completed the study. The 39 completers
had a mean age of 31.5 years (SD = 6.1); 26 were female and 13 were male. Of the com-
pleters, 38 provided primary sleep periods from the smart ring, and 35 of these participants
also had smartwatch recordings. Because of differences in alignment and measurement
quality, the analytic sample size for each outcome varied. Since individual age and sex were
not linked to recording identifiers, available participant-level characteristics (recording
availability, sleep span, and movement) were compared across analytic subsets in Supple-
mentary Material S6. The parent study was approved by the Ethics Committee for Human
Sciences at the University of Turku (26/2022), and participants provided written informed
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consent. Participants wore a Samsung Galaxy Watch Active2 (hereafter, smartwatch) and
an Oura Ring generation 2 (hereafter, smart ring) during daily life. The smartwatch was
programmed to collect approximately 12-min sessions every two hours and provided raw
PPG, accelerometer, and gyroscope signals along with device-generated heart-rate estimates.
The smart ring provided primary sleep timing, sleep-stage labels in five-minute epochs,
heart rate, and the root mean square of successive pulse-interval differences (RMSSD). All
timestamps for a participant were shifted by an unknown offset between —60 and +60 min
for de-identification. Because the same shift was applied to all streams and days, elapsed
time and cross-device alignment within a participant were preserved.

2.2. Five-Minute Outcomes and PRV Quality Criteria

The central five-minute segment of each eligible smartwatch recording (hereafter, a
window) was analyzed to ensure all scheduled recordings followed the same temporal
sampling rule. The timestamp spacing indicated an effective raw-PPG sampling rate of
approximately 25 Hz; this rate was used for processing. Raw PPG was detrended, bandpass
filtered, and then processed using two unassisted pulse detectors; additional technical
information is provided in Supplementary Materials S1 and S2. Known-answer simulations
at approximately 25 Hz produced root-mean-square pulse-interval errors of approximately
4-14 ms after sub-sample peak refinement, depending on the amount of noise present;
at the higher noise level, simulated RMSSD was overestimated by approximately 35-38%
(Supplementary Material S2). The primary pulse-rate endpoint was the median of the
smartwatch-generated heart-rate values available within each window. Released values were
analyzed as reported, without assuming a reporting frequency or resampling. Eligibility for
pulse-rate analysis did not depend on meeting the additional raw-PPG criteria used for PRV.
A window was eligible for pulse-rate analysis when at least 50% of the reported values were
positive and finite, their median was 35-220 beats/min, the analyzed window spanned at
least 299 s, and the 99th percentile of absolute timestamp-alignment residuals was no greater
than 15 s. Raw PPG was used for PRV only after interval-level quality screening and a screen
for harmonic detection failures. Smartwatch PRV was quantified as RMSSD, calculated only
from adjacent accepted intervals without bridging rejected gaps, and as the sample standard
deviation of accepted pulse-to-pulse intervals (SDNN). Both measures were expressed in
milliseconds and natural-log transformed for analysis. Because they were derived from
peripheral pulse intervals rather than electrocardiographic (ECG) R-R intervals, they
are described as PRV rather than heart rate variability (HRV) [22,23]. The primary PRV
screen required detector agreement > 0.65, a rejected-interval fraction < 20%, and neither a
harmonic-ambiguity flag nor a broad harmonic or half-rate flag. Full quality thresholds
and supporting diagnostics are provided in Supplementary Materials S2, S7 and S8.

2.3. Definition of Sleep and Waking Periods

Sleep onset and final awakening were determined based on the smart ring’s five-minute
hypnograms. Sleep onset was defined as the beginning of the first epoch of light, deep, or
rapid eye movement (REM) sleep. Final awakening was identified as the end of the last
such epoch. Any intervening epochs of wakefulness were considered wake after sleep onset
(WASO) and did not affect the elapsed time of the sleep period. Primary sleep periods
had to be between 3 and 14 h long and were identified exclusively from the smart ring’s
sleep records and hypnograms. One period was chosen per participant-day, which was
defined from local noon to the following noon so that a typical overnight period fell within
one analytic day. Periods were assigned to days by the time of final awakening and were
not truncated at noon. A smartwatch window was classified as actual sleep only if all
five minutes of the window were covered by epochs of sleep. Windows that included
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an awake epoch, lacked stage data, or spanned sleep onset or final awakening were not
classified as sleep. The corresponding waking period began at final awakening and ended
at the onset of the next primary sleep period, excluding windows in bed before that onset
or during non-primary sleep; windows during WASO were not included in either the sleep
or waking analysis (Supplementary Materials S3 and 54).

A sleep or waking period could be used for a particular outcome only if it included at
least two separate usable windows whose midpoints were at least one hour apart. Therefore,
an individual recording could not be used to represent an entire waking or sleep period.
Models of temporal change used observations up to 20 h after awakening and up to 10 h
after sleep onset. These limits represent the modeled time axis, not the duration of waking
or sleep periods. Sleep periods of up to 14 h were eligible, but their sparse observations
beyond 10 h after onset were excluded from the temporal models. Temporal change was
summarized as the fitted early-to-late change between the 5th and 95th percentiles of
observed time since awakening or sleep onset, calculated separately for each outcome and
state. Figures were limited to the same interval to avoid interpreting poorly supported tails.

2.4. Primary Statistical Analysis

The direct sleep-wake comparison and the within-state temporal profiles were analyzed
as two separate estimands (Supplementary Material S5). For the direct comparison, each
qualifying primary sleep period was paired only with the qualifying waking period that
immediately followed it. Waking windows more than 20 h after awakening were excluded
from paired contrasts. Windows were first averaged within the sleep and waking periods
of each paired cycle; a sleep-minus-wake difference was calculated for that cycle; and cycle
differences were then averaged within each participant. Participant-level differences were
finally averaged across participants, so each participant received equal weight regardless of
the number of qualifying cycles (participant-balanced). A waking period from one study
day was never paired with an unrelated sleep period from another day. As a robustness
analysis, we also compared each participant’s mean across all qualifying sleep periods with
that participant’s mean across all qualifying waking periods, without pairing. Confidence
intervals (Cls) for the primary paired pulse-rate contrast were calculated with 5000 whole-
participant bootstrap draws, the corresponding P value was obtained from a two-sided
participant-level t-test, and inference treated participants as independent units. The paired
PRV contrasts were interpreted descriptively because the retained samples were small and
sensitive to screening criteria.

Temporal profiles were estimated separately within waking and sleep and included
all participants with qualifying data in the state being modeled, regardless of their data
in the other state. Each model included a four-degree-of-freedom cubic B-spline for hours
since awakening or sleep onset (knots at 0, 10, and 20 h or 0, 5, and 10 h, respectively),
participant-specific intercepts for pulse rate and waking PRV or period-specific intercepts
for sleep PRV, and within-participant deviations in acceleration and gyroscope magnitude
to account for concurrent movement, which can affect both pulse physiology and PPG signal
quality. Hierarchical weights gave equal total influence to participants, equal influence to
qualifying periods within each participant, and equal influence to windows within a period.
Global temporal tests used restricted-null participant wild-cluster bootstrap inference with
9999 draws, and contrast intervals used 2000 whole-participant bootstrap draws, except
for descriptive waking PRV profiles, which used conditional cluster-robust intervals. The
global time test jointly evaluated all spline terms and tested whether the modeled curve was
nonconstant in any form, including curved or nonmonotonic patterns, rather than testing
for a linear trend. Benjamini-Hochberg false-discovery-rate (FDR) control was applied
separately to the two pulse-rate temporal tests (waking and sleep) and the two sleep PRV
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tests (RMSSD and SDNN) [24]. Waking PRV temporal profiles were descriptive because of
limited support (Supplementary Material S5).

To assess how well period averages represented individual observations, we quantified
deviations of five-minute observations from their own waking- or sleep-period averages,
using participant- and period-balanced mean absolute deviations and proportions beyond
descriptive thresholds (5 and 10 beats/min for pulse rate and a more than 1.2-fold devi-
ation from the period geometric mean for PRV), with 5000-draw participant-bootstrap
confidence intervals.

2.5. Sensitivity Analyses

Sensitivity analyses included (1) applying a more stringent PRV quality screen; (2) ad-
justing sleep PRV for sleep stage and for contemporaneous pulse rate; (3) using an alternative
sleep-boundary definition; (4) comparing within-sleep RMSSD between the smartwatch
and the smart ring; and (5) comparing early versus late sleep summaries. Waking PRV
retention was also recalculated within 0-20 h after awakening (Supplementary Material 54).
Dynamic acceleration was compared between PRV-accepted and PRV-rejected recordings
within each state (Supplementary Material S7).

The more stringent PRV screen (hereafter, stringent screen) added motion and
waveform-template checks, additional interval screening, a pulse-rate consistency check,
and a minimum number of adjacent interval pairs. It also excluded isolated accepted in-
tervals when calculating SDNN. To separate the effects of sample selection from those of
interval processing, the primary interval processing was also applied to the stringent-screen
windows. In both the primary-screen and stringent-screen samples, sensitivity analyses
adjusted sleep RMSSD and SDNN for smart-ring-estimated sleep stages and, separately, for
contemporaneous pulse rate.

The alternative sleep definition replaced actual sleep with the source-defined sleep
interval (the start-to-end interval of each smart-ring sleep record), which may include
awake time (sleep onset latency, wake after sleep onset, and wake after final awakening;
Supplementary Material 512). Since this definition altered both sleep boundaries and
eligible windows, the two definitions were also compared within windows eligible under
both. For the cross-device comparison, matched smartwatch and smart-ring observations
from the same participants and sleep periods were compared, including repeated-measures
limits of agreement; neither consumer device was considered a reference. The more densely
sampled smart-ring heart-rate and RMSSD series also provided an independent within-
sleep profile. To evaluate aggregation, early (0 to <3 h) and late (5 to <8 h) sleep summaries
were compared with each other and with whole-period averages, and the dense smart-ring
stream was compared with the same stream sampled only at smartwatch observation times.
Night-to-night repeatability of early, late, and whole-night smartwatch RMSSD summaries
was summarized with single-night intraclass correlation coefficients (ICCs). Additional
methods are described in Supplementary Materials S8-512.

Data processing, signal extraction, and statistical analyses were conducted using
Python 3.12.9 (Python Software Foundation, Beaverton, OR, USA).

3. Results
3.1. Paired Sleep—Wake Differences

A total of 31 participants provided 284 paired sleep—wake cycles. The participant-
balanced average pulse rate was 72.4 beats/min during actual sleep and 89.1 beats/min
during the subsequent waking period (sleep minus wake, —16.7 beats/min; 95% bootstrap
CI, —23.0 to —10.2; P < 0.001). Comparing each participant’s average across all qualifying
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sleep periods with that across all qualifying waking periods gave a slightly smaller difference
(—16.1 beats/min; 95% CI, —22.4 to —9.6).

The sleep-minus-wake RMSSD and SDNN differences were —10.7% and —19.9%, re-
spectively (11 participants, 30 cycles; Supplementary Material S11). These comparisons are
descriptive because of limited waking PRV retention, and the estimates were sensitive to
quality screening.

3.2. Temporal Structure Within Waking and Sleep

The waking pulse-rate profile (35 participants, 2836 five-minute windows from 495 pe-
riods) did not show a statistically significant association with time since awakening (global
test, wild-bootstrap P = 0.2389; g = 0.2389; Figure 1). Between the 5th and 95th percentiles
of observed time since awakening, the fitted change was +4.7 beats/min (95% bootstrap CI,
—0.2 t0 10.9). During actual sleep (31 participants, 947 windows from 302 periods), the
fitted pulse rate decreased by 5.7 beats/min between the 5th and 95th percentiles of observed
time since sleep onset (95% bootstrap CI, —9.8 to —1.5; wild-bootstrap P = 0.0260); however,
the global time test did not meet the FDR-adjusted significance threshold (g = 0.0520).

A Waking pulse rate B Sleep pulse rate
- n = 35; 495 periods; 2836 windows - n = 31; 302 periods; 947 windows
= Wild P = 0.2389; q = 0.2389 = Wild P = 0.0260; g = 0.0520
S E 84
5% 2
B S 78
290 £
2 872
S 85 s
[} o 66
Q0 Q0
= T T T =3 T T T T
a 5 10 15 o 2 4 6 8
Hours since awakening Hours since sleep onset
C Waking RMSSD D Sleep RMSSD
n = 18; 47 periods; 110 windows n = 25; 210 periods; 584 windows
Descriptive Wild P = 0.0001; g = 0.0001
% 100 i
E E
a 60
3w 3
2 2 s
x 60 fd
T T T T T T
5 10 15 4 4 6
Hours since awakening Hours since sleep onset
E Waking SDNN F Sleep SDNN
n = 18; 47 periods; 110 windows n = 25; 210 periods; 584 windows
Descriptive Wild P = 0.0001; g = 0.0001
- 125 >
80
§ 100 §
60
& 75 8
@ @ 40
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5 10 15 2 4 6
Hours since awakening Hours since sleep onset

Figure 1. Participant-balanced smartwatch pulse-rate and PRV profiles during waking (left column)
and actual sleep (right column). Each panel is restricted to the outcome- and state-specific interval
between the 5th and 95th percentiles of observed time since awakening or sleep onset. Lines are
weighted spline estimates adjusted for within-participant acceleration and gyroscope deviations.
Pulse-rate and waking PRV models have participant intercepts; sleep PRV models have period inter-
cepts. Bands show pointwise participant-bootstrap 95% confidence intervals, except the descriptive
waking PRV panels, which use conditional cluster-robust intervals. Sleep and waking PRV curves

https://doi.org/10.3390/jcdd13110589


https://doi.org/10.3390/jcdd13110589

J. Cardiovasc. Dev. Dis. 2026, 13, 589

70f13

use the primary PRV screen. Wild-bootstrap P values are from the global time tests, and g values
are adjusted within the pulse-rate and sleep PRV families. In panels D and F, P = 0.0001 is the
minimum Monte Carlo P value attainable with 9999 draws. Contributor counts by elapsed hour
appear in Supplementary Material S8, Table S7. Abbreviations: n, number of participants; PRV, pulse
rate variability; RMSSD, root mean square of successive pulse-interval differences; SDNN, standard
deviation of pulse-to-pulse intervals.

The waking RMSSD and SDNN profiles, which are descriptive because of limited
data (18 participants, 110 windows from 47 periods), showed fitted early-to-late changes
of —13.7% (conditional cluster-robust 95% CI, —44.2% to 33.3%) and —14.3% (—51.2% to
50.4%), respectively. During actual sleep (25 participants, 584 windows from 210 periods),
fitted RMSSD increased by 40.8% from earlier to later sleep (95% bootstrap CI, 18.7-67.5%;
global wild-bootstrap Py, = 0.0001; g = 0.0001). SDNN also increased by 82.6% (95%
bootstrap CI, 51.4-117.4%; Pj;c = 0.0001; ¢ = 0.0001). Table 1 summarizes the paired state
comparisons and temporal profiles.

Table 1. Primary paired sleep-wake comparisons and temporal profiles.

Paired Comparison (Sleep

Waking Profile (Early-to-Late

Sleep Profile (Early-to-Late

Outcome Minus Wake) Change) Change)
—16.7 beats/min (95% CI, +4.7 beats/min (95% CI, —0.2to  —5.7 beats/min (95% CI, —9.8 to
Pulse rate —23.0 to —10.2); 10.9); 35 participants, —1.5); 31 participants,
31 participants, 284 cycles; 2836 windows from 495 periods; 947 windows from 302 periods;
P <0.001 P =0.2389, 4 = 0.2389 P =0.0260, g4 = 0.0520
. N _13.7% (95% CT, —44.2% to +40.8 /0. (?5 % CI, 18.7—.67.5 %);
—10.7% *; 11 participants, o/ % L 25 participants, 584 windows
RMSSD 33.3%) *; 18 participants, .
30 cycles . . from 210 periods; P,,c = 0.0001,
110 windows from 47 periods
g = 0.0001
—19.9% *; 11 participants ~—14:3% (95% CI, ~51.2%to —'_222'6aﬁi(c915;;EI,SSSZ%;};Z(?VQ;
SDNN 2l s LLP p ’ 50.4%) *; 18 participants, p p !

30 cycles from 210 periods; P, = 0.0001,

110 windows from 47 periods g = 0.0001

Early-to-late changes are fitted differences between the 5th and 95th percentiles of observed time
since awakening (waking profiles) or sleep onset (sleep profiles). * Descriptive only due to small
sample sizes; intervals for the waking PRV profiles are conditional cluster-robust 95% Cls. All other
intervals are participant-bootstrap 95% Cls. For temporal profiles, P denotes the global time test; the
paired pulse-rate P value is from a two-sided participant-level t-test; P, is the Monte Carlo bootstrap
P value (minimum 0.0001 with 9999 draws). g values are Benjamini-Hochberg adjusted within two
separate families: the two pulse-rate tests and the two sleep PRV tests. All windows are five-minute
observations; PRV screening criteria are detailed in Supplementary Material S2. Abbreviations: CI,
confidence interval; PRV, pulse rate variability; RMSSD, root mean square of successive pulse-interval
differences; SDNN, standard deviation of pulse-to-pulse intervals.

Individual observations often differed from their period averages. The participant-
balanced mean absolute deviation of waking pulse rate from its own period mean was
10.89 beats/min (95% CI, 9.75-12.02); on average (participant- and period-balanced), 68.5%
and 44.6% of waking windows differed by more than 5 and 10 beats/min, respectively, from
that mean. During sleep, the corresponding mean absolute deviation was 4.30 beats/min
(95% (I, 3.17-5.56), with an average of 21.6% and 11.6% of windows exceeding those
thresholds. Among sleep PRV windows (25 participants, 584 windows from 210 periods),
an average of 30.5% of RMSSD and 54.4% of SDNN values differed from their period’s
geometric mean by more than 1.2-fold.
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3.3. PRV Signal Retention During Waking and Sleep

The signal-quality screening process resulted in different proportions of waking and
sleep recordings being retained. Prior to applying the period-qualification requirement (at
least two usable windows with midpoints at least one hour apart within a period), 329 of
3831 waking recordings (8.6%) and 668 of 1043 actual-sleep recordings (64.0%) passed
the primary PRV screen (Supplementary Material 54, Figure S1). These denominators
include only recorded sessions that could be assigned to a state, not all scheduled sessions.
Therefore, retained waking measurements represent a small and potentially selective subset
of all waking observations. Within participants, rejected waking recordings had higher
median dynamic acceleration than accepted recordings (mean difference, 0.0289 g; 95% CI,
0.0194-0.0409; 32 participants). However, no such difference was found for sleep recordings
(—0.0008 g; 95% CI, —0.0024 to 0.0009; 24 participants; Supplementary Material S7). In
addition, the median percentage of detected pulse intervals rejected by the interval-validity
checks was higher during waking than during sleep, both among windows qualifying for
PRV analysis (5.78% vs. 0.45%) and among all accepted recordings before period qualifica-
tion (3.96% [interquartile range, 0.68-10.31%] vs. 0.48% [0-2.18%]). Within participants,
windows with larger fractions of rejected intervals also exhibited higher RMSSD and SDNN
(mean Spearman p, 0.50 and 0.68 during sleep and 0.57 and 0.65 during waking), although
these associations were weaker under the stringent screen (Supplementary Material S7).

3.4. Sensitivity Analyses
3.4.1. More Stringent PRV Screen

The stringent screen eliminated 3611 (94.3%) of 3831 waking recordings and 420
(40.3%) of 1043 actual-sleep recordings. In the stringent-screen sleep sample (25 participants,
530 windows from 195 periods), RMSSD increased by 40.8% (95% bootstrap CI, 16.2-72.8%;
wild-bootstrap P = 0.0029) and SDNN by 62.0% (95% bootstrap CI, 41.7-89.7%; P = 0.0002),
compared to 40.8% and 82.6% under the primary screen. When the primary interval
processing was applied to the same 530 windows, the RMSSD and SDNN increases were
43.1% and 75.3%, respectively, demonstrating that both sample composition and interval
handling contributed to the difference in SDNN between screens. Paired sleep-minus-wake
RMSSD and SDNN differences were +33.4% and +12.7% (5 participants, 9 cycles), compared
to —10.7% and —19.9% under the primary screen (11 participants, 30 cycles); however, since
the selected samples were different, these contrasts do not establish a physiological sleep—
wake PRV difference.

3.4.2. Adjustment for Sleep Stages and Pulse Rate

In the primary-screen sample, adjusting for smart-ring-estimated sleep stage left the
early-to-late RMSSD increase essentially unchanged (41.2%; 95% bootstrap CI, 20.7-65.6%;
wild-bootstrap P, = 0.0001; unadjusted, 40.8%) but reduced the SDNN increase to 52.2%
(95% bootstrap CI, 28.6-82.9%; P = 0.0024; unadjusted, 82.6%).

In the same sample, adjusting for contemporaneous device-reported pulse rate reduced
the RMSSD increase to 17.4% (95% bootstrap CI, 3.0-33.8%; P = 0.0254) and the SDNN
increase to 71.5% (95% bootstrap CI, 38.0-108.4%; P = 0.0042; Supplementary Material S8).
Under the stringent screen, the pulse-rate-adjusted RMSSD increase was 15.5% (95% boot-
strap CI, —0.6% to 35.8%; P = 0.1575).

3.4.3. Alternative Sleep Definition

With the source-defined sleep interval in the primary-screen sample (25 participants,
675 windows from 226 periods), RMSSD and SDNN increased by 27.6% (P = 0.0091) and
73.1% (P = 0.0051), compared to 40.8% and 82.6% for actual sleep (both P, = 0.0001).
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Since the two definitions differed in both sleep boundaries and eligible periods, they were
also compared within windows eligible under both; in these windows, the increases were
similar for actual and source-defined sleep (primary screen: RMSSD, 35.1% and 37.3%;
SDNN, 71.7% and 75.5%; Supplementary Material 512).

3.4.4. Cross-Device Comparison

The dense smart-ring stream also showed an increase in the within-sleep RMSSD profile
(Supplementary Material S9, Figure S4). In temporally matched smartwatch and smart-ring
sleep windows (25 participants, 559 windows from 204 periods), the participant-balanced
smartwatch-to-smart-ring RMSSD ratio was 1.200 (95% CI, 1.127-1.278), with repeated-
measures 95% limits of agreement of 0.747 to 1.928; the ratio increased with smartwatch
pulse rate. The fitted early-to-late RMSSD increase was 39.4% for the smartwatch and
55.3% for the smart ring; the device-by-time test indicated different temporal profiles (wild-
bootstrap P = 0.0144). Thus, the two devices showed increases in the same direction
but differed in absolute RMSSD and the shape of the temporal profile (Supplementary
Material S9).

3.4.5. Early Versus Late Sleep Summaries

Early (0 to <3 h) and late (5 to <8 h) actual-sleep summaries differed within the
same periods. Smartwatch RMSSD was 31.6% higher in late than in early sleep (95% CI,
20.7-44.6%; 22 participants, 101 periods), and SDNN was 23.9% higher (95% CI, 12.5-36.2%).
Relative to the whole-period mean, early and late smartwatch RMSSD were 13.0% lower
and 14.5% higher, respectively. Spearman correlations between participant-level summaries
from early and late sleep ranged from approximately 0.72 to 0.97 across outcomes. Single-
night ICCs for night-to-night repeatability of smartwatch RMSSD were 0.805 (95% CI,
0.612-0.882), 0.719 (0.510-0.821), and 0.799 (0.637-0.883) for early, late, and whole-night
summaries, respectively. The comparison illustrates how a nightly summary depends on
which sleep intervals are sampled (Supplementary Material S10).

4. Discussion

These findings demonstrate temporal structure at multiple levels that is masked by
single-value summaries. Pulse rate was significantly lower during actual sleep than during
the subsequent waking period, and waking pulse-rate observations varied widely around
each individual’s average for that period; however, no common temporal pattern in waking
pulse rate was identified. Within sleep, RMSSD and SDNN increased from earlier to later
in the period. PRV signal retention was much lower during waking than during sleep, so
state-level summaries depend in part on which measurements pass signal-quality screening.

The paired pulse-rate difference of 16.7 beats/min is consistent with the anticipated
lower pulse rate during sleep. The difference was evident within the same sleep-wake
cycle, so a single 24-h summary that combines the two states would obscure it. These values
should not be viewed as normative estimates, since the absolute sleep and waking means
were obtained from short, scheduled recordings rather than continuous monitoring.

Separating waking from sleep only partially addresses the aggregation issue. Although
the waking pulse-rate curve did not show a significant common temporal pattern, five-
minute observations differed substantially from their own waking-period means; thus, the
absence of a common pattern does not imply that individual waking periods were uniform.
One possible explanation is that waking pulse rate is affected by activity, posture, meals, and
other behaviors whose timing varies between individuals and days; these influences may
cancel out in a population-average curve but remain large within individual periods. Time
since awakening is also not equivalent to circadian phase; therefore, the waking profiles
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describe these observational conditions rather than an intrinsic circadian rhythm. A single
waking average describes central tendency but omits substantial variation among sampled
measurements, to which measurement error may also contribute.

The within-sleep PRV findings provide a clear example of why a single nightly value
can be ambiguous. Since RMSSD and SDNN increased from earlier to later sleep, a whole-
night average combines lower early and higher late values; therefore, its magnitude depends
on which part of the night is observed and how long the period lasts. The increase was
present under both PRV screens and in the smart-ring stream, although absolute levels
and temporal profiles differed between devices. Several mechanisms could contribute to
this pattern. Sleep stage identifies the current sleep state, whereas time since sleep onset
reflects the changing distribution of stages and the broader circadian and homeostatic
context of the night. Prior polysomnographic studies have shown that high-frequency
HRYV power, a marker of vagal modulation, varies with circadian phase within non-rapid
eye movement (NREM) sleep stages [3], and that HRV changes across successive N2 and
REM epochs of the same night [25]. HRV therefore depends on when in the night it is
measured, not only on sleep stage. Consistent with this, the increases in both PRV measures
persisted after adjustment for smart-ring-estimated sleep stage, suggesting that changes
in stage composition alone did not explain them, although stage adjustment attenuated
the SDNN increase. Adjustment for concurrent pulse rate reduced the RMSSD increase,
suggesting that part of the overnight rise in RMSSD was shared with changes in pulse
rate. This could reflect physiology, because RMSSD tends to be higher when pulse rate is
lower [26], or measurement error that varies with pulse rate; these data cannot separate the
two. The residual associations should not be interpreted as causal effects of elapsed sleep
time; circadian phase, homeostatic processes, respiration, posture, and other unmeasured
factors remain possible contributors.

Far fewer waking than sleep recordings met the PRV criteria, probably because wrist
PPG pulse timing is degraded by movement and changing sensor contact during daily
activities [18,19,27]. Consistent with this, rejected waking recordings had greater dynamic
acceleration than accepted recordings, whereas no such difference was observed during
sleep. The retained waking windows therefore likely overrepresent quiet, stationary mo-
ments with lower pulse rates (Supplementary Material S7), so a free-living waking PRV
average may describe resting wakefulness rather than the waking day as a whole. Residual
pulse-timing error may also be greater during waking and can inflate successive-difference
measures such as RMSSD [27,28]; without simultaneous ECG, its contribution cannot be
quantified. More broadly, a 24-h, waking, or nightly value reflects the sampling and retention
rules that produced it as well as the underlying physiology. Two studies can use the same
nominal measure yet obtain different summaries if one samples early sleep, another samples
the entire night, or quality filtering preferentially removes active waking measurements.

5. Strengths and Limitations

The strengths of this study include the use of repeated measures over 28 days in
free-living conditions, the separation of the device-generated pulse-rate endpoint from
raw PPG PRV, and the use of an independent smart-ring stream for sleep timing and
cardiac comparisons. Since sleep was defined by the smart ring, the smartwatch PPG signal
was used to estimate PRV but not to define the sleep—wake state. Hierarchical weighting
prevented heavily sampled participants or nights from dominating the estimates. Direct
sleep—wake comparisons were paired within the same cycle of sleep and subsequent waking,
and temporal profiles used all participants with data in the state being modeled. Sensitivity
analyses evaluated quality screening, sleep-stage and pulse-rate adjustment, sleep-boundary
definitions, cross-device consistency, and early versus late sleep summaries.
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There are also several limitations to this study. First, the sample was small and relatively
young, consisting of first-generation immigrants living in Finland who met a loneliness-
screening criterion; therefore, the generalizability of the findings is limited. Second, PRV
analyses were based on only 25 participants for sleep profiles and 11 participants for paired
comparisons. Third, raw smartwatch PPG was recorded only once every two hours and at
approximately 25 Hz; therefore, both the temporal resolution of the profiles and the preci-
sion of pulse-to-pulse timing are limited [20,28,29]. Consequently, fitted curves represent
gradual population-level changes rather than rapid transitions. Fourth, neither device was
validated against simultaneous ECG and polysomnography in this specific cohort. Fifth,
estimates for later sleep depend on periods long enough to reach those times. Lastly, no
circadian-phase marker, respiration or posture measurement, activity control, or exper-
imental manipulation was available to separate circadian, homeostatic, sleep-stage, and
behavioral mechanisms.

6. Conclusions

The interpretation of wearable pulse rate and PRV depends on both the underlying
physiology and the method by which a summary value is constructed. A summary value
depends on whether the measurements come from sleep, wakefulness, or both, and on which
portions of these periods are sampled. The value also depends on how the measurements
are combined and which measurements meet the signal-quality criteria. Because studies and
devices may use different methods for constructing summary values, nominally identical
metrics may not describe the same physiological condition. For example, because RMSSD
and SDNN increased from earlier to later sleep, a sleep PRV value depends on which portion
of the sleep period is sampled. Similarly, a free-living waking PRV average may primarily
represent quiet, low-movement periods rather than the entire waking period. Nevertheless,
single-value summaries remain useful as long as their construction is reported explicitly.
We recommend that sleep and waking values be reported separately and, when the data
allow, in more detail, such as separate values for early and late sleep or for waking periods
with different levels of physical activity. Reports should also state the signal-quality criteria
used and the percentage of recordings that met them. Future studies using continuous
recordings combined with simultaneous ECG and markers of circadian phase are needed
to separate the physiological, behavioral, and measurement components of this temporal
structure and to determine which summary definitions are most appropriate for various
research and clinical applications.
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