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A. Correcting False Demographic Reporting

Following the dataset preparation process described in Section Methodology, we identified an anomaly
in the birth year self-reported by participants, with an abnormally large number of users reporting to
be born in year 2000, compared to those reporting to be born in 1999 or 2001. Indeed users are
presented with a default choice in the Fitbit application used to connect to their wearable device.
The application presents by default a birth year of 2000, and users may choose to simply accept this
setting rather than enter their true date of birth.

Besides a distinct spike in user count for that date of birth, the inflated cohort size at age 22 skews
the mean RHR to higher values and creates a distribution that is significantly different from cohorts
in adjacent ages. This is quantified by a more than three-fold increase in the pairwise Wasserstein
distance between the age 22 distribution and its neighbours (overall 0.47 bpm vs. age 21 and 0.55
bpm vs. age 23, compared to a baseline distance of only 0.14 bpm between ages 21 and 23), creating
a visible deviation from the otherwise smooth, age-related evolution of RHR, Figure A.3 (Left).

To maintain the integrity of our analysis, we deal with this artifact during the preprocessing stage
rather than within the statistical models themselves. This ensures reproducibility and provides a
method for future studies encountering similar demographic reporting biases. Rather than excluding
the entire age group, the following section describes a density-based thinning method that preserves
as much valid physiological data as possible.

A.1. Density-Based Thinning

We implement a local density-based histogram-matching thinning algorithm. This method relies
on the biological expectation of continuity in resting heart rate across the lifespan, assuming the
true RHR distribution of 22-year-olds should be bounded by the distributions of their adjacent age
cohorts (ages 21 and 23). With this approach we prioritise preserving as much data as possible
while correcting for the skewed mean introduced by the reporting artifact. We apply the correction
algorithm as follows:

1. Stratification: We stratify the cohort by sex and geographic latitude band to ensure that
the underlying regional and demographic characteristics are preserved during the correction
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process.
2. PDF Estimation: For each stratum, we compute the empirical probability density functions

(PDFs) of RHR at the adjacent ages, 𝑃21(𝑥) and 𝑃23(𝑥), using a histogram-based estimator. We
define the target physiological distribution for age 22 as the midpoint of these adjacent PDFs:

𝑃target(𝑥) =
𝑃21(𝑥) + 𝑃23(𝑥)

2

3. Retention Probability: We compute the empirical PDF of the observed 22-year-old cohort,
𝑃22(𝑥), within the same stratum. For each participant aged 22 with mean RHR value 𝑥, we
calculate a retention probability 𝑝(𝑥) proportional to the ratio of the target density to the
observed density:

𝑝(𝑥) =min
(︃
1,

𝑃target(𝑥)
𝑃22(𝑥)

)︃
4. Randomised Thinning: We perform randomised thinning, retaining each 22-year-old partici-

pant with probability 𝑝(𝑥).

This approach is robust because it exclusively targets and removes excess density that deviates
from expected biological progression. By design, the algorithm leaves the 22-year-old sub-cohort
intact in regions where the observed density aligns with the expected distribution of adjacent ages.
Applying this local thinning removed 24,693 participants (0.51% of the overall RHR cohort), resulting
in a final sample size of 𝑁 = 4, 833, 797. The updated global RHR cohort characteristics are illustrated
in Figure A.1.

A.2. Method Verification

Figure A.2 illustrates the empirical RHR distributions for ages 21, 22, and 23 overall and in each
latitude band, before and after density-based thinning. Before thinning, the age 22 curve (red)
shows unnatural shoulders and tail shifts compared to the smooth curves of ages 21 (green) and 23
(blue). After thinning, the age 22 distribution successfully recovers the expected biological mean and
variance, reducing pairwise Wasserstein distances below or near the baseline distance between ages
21 and 23 (Age 22 vs. 21: 0.11 bpm, down from 0.47 bpm; Age 22 vs. 23: 0.05 bpm, down from 0.55
bpm; baseline 21 vs. 23: 0.14 bpm). This confirms that density-based thinning effectively resolves
the anomaly by aligning the age 22 distribution with its neighbours.

Figure A.3 shows the effect of the thinning on the evolution of RHR and sample sizes with age.
The left column shows that the spike in RHR at age 22 (red dashed line) is corrected in the thinned
dataset (blue solid line), and the right column the corresponding reduction in the user counts.
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Figure A.1 | Mean Resting heart rate (RHR) cohort age and sex distributions before (top row)
and after (bottom row) density-based thinning. The figure compares the cohort age trends and sex
distributions in the raw dataset (top row, before thinning) and the thinned dataset (bottom row, after
thinning). (Left column) Mean RHR per user age (95% CI shaded), demonstrating how the artificial
spike at Age 22 is resolved in the thinned dataset. (Right column) Population density distribution of
RHR by sex.
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Figure A.2 | RHR probability distributions for Ages 21, 22, and 23 before and after density-
based thinning. Curves are shown for the overall population and all five latitude bands (Mid South,
Southern Tropics, Northern Tropics, Mid North, and Far North). The raw Age 22 distribution (red,
left column) exhibits unnatural shape deviations. The thinned Age 22 distribution (red, right column)
aligns with the biological bounds set by Ages 21 (green) and 23 (blue) across all cohorts.
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Figure A.3 | Demographic trends and sample sizes before and after density-based thinning
across latitude bands. (Left column) Unique user count vs. age (18 to 30 years) for the overall
population and all five latitude bands, showing the selective thinning of the default-reporting spike at
age 22. (Right column) Mean RHR vs. age (95% CI shaded), demonstrating that the artificial spike
at age 22 (red dashed line) is completely resolved in the thinned dataset (blue solid line) across all
geographic cohorts.
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B. Resting Heart Rate (RHR) Supplementary Materials

B.1. Baseline Temperature Residualisation Regressions

Here we provide the baseline temperature residualisation parameter estimates, as described in ??.
We summarise the resulting parameters and their 95% confidence intervals in Table A.1.

Table A.1 | OLS temperature residualisation regression parameters for the RHR cohort.

Parameter 𝑇max [95% CI] 𝑇min [95% CI] 𝑇mean [95% CI]

Intercept (𝛼0) −0.0064 [−0.0065, −0.0063] −0.0063 [−0.0064, −0.0062] −0.0064 [−0.0065, −0.0063]
Abs Latitude Slope (𝛼1) −0.4803 [−0.4805, −0.4801] −0.3733 [−0.3736, −0.3730] −0.4374 [−0.4377, −0.4372]
Signed Latitude Slope (𝛼2) 0.0035 [0.0033, 0.0037] −0.0267 [−0.0270, −0.0265] −0.0054 [−0.0057, −0.0052]
𝑚sin1 (𝛼3,1) −0.2800 [−0.2801, −0.2799] −0.2919 [−0.2920, −0.2918] −0.2860 [−0.2861, −0.2859]
𝑚cos1 (𝛼4,1) −0.4122 [−0.4123, −0.4121] −0.3700 [−0.3702, −0.3699] −0.3973 [−0.3974, −0.3972]
𝑚sin2 (𝛼3,2) 0.0114 [0.0113, 0.0115] 0.0084 [0.0083, 0.0085] 0.0102 [0.0101, 0.0103]
𝑚cos2 (𝛼4,2) −0.0445 [−0.0446, −0.0443] −0.0162 [−0.0164, −0.0161] −0.0278 [−0.0279, −0.0277]
𝑚sin1 · 𝜙𝑐 (𝛼5,1) −0.2238 [−0.2240, −0.2236] −0.2025 [−0.2028, −0.2023] −0.2153 [−0.2155, −0.2151]
𝑚cos1 · 𝜙𝑐 (𝛼6,1) −0.2798 [−0.2800, −0.2796] −0.2108 [−0.2110, −0.2105] −0.2475 [−0.2477, −0.2472]
𝑚sin2 · 𝜙𝑐 (𝛼5,2) 0.0119 [0.0117, 0.0121] 0.0074 [0.0072, 0.0077] 0.0127 [0.0125, 0.0130]
𝑚cos2 · 𝜙𝑐 (𝛼6,2) −0.0076 [−0.0078, −0.0074] 0.0048 [0.0045, 0.0050] 0.0006 [0.0004, 0.0009]

Model 𝑅2 0.7853 0.6355 0.7222

B.2. Model Comparison and Progressive Fits

In this Section, we provide the results of the incremental LME modelling on the RHR cohort. Table A.2
details the complete model comparison grid and fit diagnostics across all tested candidate models. In
Tables A.3 and A.4, we provide the complete parameter decomposition for the winning RHR models
at each incremental stage. Table A.3 details the unstandardised estimates (Est., in bpm), while Table
A.4 details the fully standardised trajectories (Std. 𝛽, in bpm per 2-SD predictor shift). Both tables
report the 95% confidence intervals and random participant variance components (𝜎2𝛼).
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B.3. Model Diagnostics

Model diagnostics for the winning joint RHR model (Model 5.3) are presented in Figure A.4. The
visual evaluation confirms that the statistical assumptions of the LMEs are satisfied. Specifically,
the conditional residual plot (a) demonstrates homoscedasticity, with conditional residual errors
(incorporating participant-specific random intercepts) forming a uniform, symmetric band clustered
tightly around the zero line across the range of predicted RHR values (bpm). Furthermore, the user
baseline RHR distribution (b, left) exhibits a smooth, symmetrical bell curve centred at the cohort
baseline mean of approximately 67.5 bpm, while the corresponding Q-Q plot (b, right) shows that
participant-specific baseline values (𝛽0 + 𝑢 ∼ N(𝛽0, 𝜎2𝑢)) closely track the theoretical diagonal line.
A minor tail-off is visible at the extreme outer quantiles, which is an expected biological heavy-tail
artifact in massive real-world datasets and does not threaten model validity.

(a) Residuals vs. Fitted Values

(b) Random Effects Distribution and Q-Q Plot

Figure A.4 | Model Diagnostics for the RHR Winning Model (Model 5.3). (a) Residuals versus
fitted values, indicating homoscedasticity through a uniform error spread across predicted values.
(b) Distribution of participant random intercepts displaying a normal bell curve (Left) alongside a
Normal Q-Q plot confirming the normality assumption of the random effects is met across central
quantiles (Right).
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B.4. Comparison with External RHR Seasonality Baseline

To validate our findings against published literature, we compared the monthly seasonality profiles of
our thinned 2022 cohort (Fitbit devices) against the 2019 baseline monthly means reported in the
external multi-country study by Ong et al. which utilised Oura ring devices [1].

Figure A.5 overlays the raw monthly mean heart rate (bpm) for the 20 countries common to both
datasets. The results demonstrate a high degree of seasonal phase and shape matching between the
two cohorts. In particular, both cohorts display inverted winter-peak and summer-trough patterns
in the Southern Hemisphere (Australia and New Zealand) compared to the Northern Hemisphere.
Singapore, located near the equator, displays virtually flat seasonal profiles in both cohorts.

The absolute difference in resting heart rate of approximately 5–7 bpm is observed between the
cohorts, with Oura RHR being lower than our Fitbit RHR. This is expected due to differences in
wearable hardware, but is primarily due the differences in the cohort compositions. Authors note
their cohort consists of majority men, with the mean age between 35 and 45 years old, whereas
ours consists of majority women with an average age of 45.9 ± 14.8. Importantly, the annual trends
between the two cohorts show good tracking between the countries, which is significant as our cohort
is orders of magnitude larger than the Oura cohort across most countries, as detailed in the panel
legends (e.g. 𝑁 = 2, 257, 373 vs. 𝑁 = 10,000+ in the United States, and 𝑁 = 252, 993 vs. 𝑁 = 4, 000
in Germany), which provides further evidence that our observations and findings translate across
different populations.
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Figure A.5 | RHR monthly seasonality comparison between the published 2019 baseline (Oura)
and our 2022 cohort (Fitbit). Subplots overlay the raw monthly resting heart rate (bpm) across the
20 common countries. Grid lines have been omitted for clarity. In each panel, the legend reports the
respective number of unique users (𝑁) in the Oura paper and in our cohort.
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C. Heart Rate Variability (HRV) Supplementary Materials

C.1. Baseline Temperature Residualisation Regressions

Here we provide the baseline temperature residualisation parameter estimates, as described in ??.
These regressions yield the baseline parameters summarised in Table A.5.

Table A.5 | OLS temperature residualisation regression parameters for the HRV cohort.

Parameter 𝑇max [95% CI] 𝑇min [95% CI] 𝑇mean [95% CI]

Intercept (𝛼0) −0.0143 [−0.0145, −0.0142] −0.0152 [−0.0153, −0.0150] −0.0148 [−0.0149, −0.0147]
Abs Latitude Slope (𝛼1) −0.4680 [−0.4683, −0.4677] −0.3521 [−0.3525, −0.3517] −0.4206 [−0.4210, −0.4203]
Signed Latitude Slope (𝛼2) 0.0066 [0.0062, 0.0069] −0.0239 [−0.0243, −0.0235] −0.0027 [−0.0031, −0.0024]
𝑚sin1 (𝛼3,1) −0.2917 [−0.2918, −0.2915] −0.3065 [−0.3067, −0.3063] −0.2995 [−0.2997, −0.2994]
𝑚cos1 (𝛼4,1) −0.4259 [−0.4261, −0.4258] −0.3831 [−0.3833, −0.3829] −0.4111 [−0.4112, −0.4109]
𝑚sin2 (𝛼3,2) 0.0117 [0.0115, 0.0118] 0.0096 [0.0094, 0.0098] 0.0110 [0.0108, 0.0111]
𝑚cos2 (𝛼4,2) −0.0453 [−0.0454, −0.0451] −0.0157 [−0.0159, −0.0155] −0.0279 [−0.0281, −0.0277]
𝑚sin1 · 𝜙𝑐 (𝛼5,1) −0.2130 [−0.2133, −0.2127] −0.1951 [−0.1956, −0.1947] −0.2066 [−0.2069, −0.2062]
𝑚cos1 · 𝜙𝑐 (𝛼6,1) −0.2662 [−0.2665, −0.2659] −0.1966 [−0.1970, −0.1962] −0.2339 [−0.2342, −0.2335]
𝑚sin2 · 𝜙𝑐 (𝛼5,2) 0.0086 [0.0083, 0.0090] 0.0035 [0.0030, 0.0039] 0.0092 [0.0088, 0.0095]
𝑚cos2 · 𝜙𝑐 (𝛼6,2) −0.0057 [−0.0060, −0.0054] 0.0066 [0.0062, 0.0070] 0.0023 [0.0019, 0.0026]

Model 𝑅2 0.7944 0.6417 0.7306

C.2. Model Comparison and Progressive Fits

This Section provides supplementary analyses for the LME models fitted on the HRV cohort. Because
HRV exhibits a log-normal population distribution, all models were evaluated in log-transformed space
(lnHRV). Parameter estimates and trajectories are transformed back to physical units as percentage
changes ((𝑒𝛽 − 1) × 100) to help direct physiological interpretability. Table A.6 summarises the
complete model selection process across all tested HRV candidate models. Tables A.7 and A.8 detail
the full parameter breakdown for the winning HRV models across all 5 incremental stages. Table A.7
details unstandardised percentage changes (Est., (𝑒𝛽 − 1) × 100), while Table A.8 details standardised
coefficients (Std. 𝛽, (𝑒𝛽 − 1) × 100 per 2-SD predictor shift) with exact 95% confidence intervals and
random variance components.
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C.3. Model Diagnostics

Model diagnostics for the winning joint HRV model (Model 5.3) are presented in Figure A.6. The
visual evaluation confirms that the statistical assumptions of the Linear Mixed-Effects framework are
well-satisfied. Specifically, the conditional residual plot (a), back-transformed to the original units
(milliseconds) via a smearing estimator, shows the expected mild heteroscedastic trumpet shape that
is characterised by log-normal physiological data, while demonstrating that prediction errors remain
symmetric and centred around zero across the range of predicted HRV values (ms). Furthermore,
the user baseline HRV distribution (b, left) is plotted in milliseconds (ms), showing the expected
right-skewed log-normal distribution centred at a geometric mean of approximately 35 ms. The
corresponding Q-Q plot (b, right) is plotted on the model’s log-scale for normality evaluation, but its
ordered value axis is formatted in actual milliseconds (ms) for direct clinical interpretability. The
user baseline values track the theoretical normal quantiles with high fidelity, confirming that the
normality assumption of the participant-specific random intercepts (𝑢 ∼ N(0, 𝜎2𝑢)) holds robustly on
the log-transformed scale. Minor deviations at the extreme ends are expected in large real-world
cohorts and do not threaten the model’s validity.

(a) Residuals vs. Fitted Values

(b) Random Effects Distribution and Q-Q Plot

Figure A.6 | Model Diagnostics for the HRV Winning Model (Model 5.3). (a) Residuals versus
fitted values, indicating homoscedasticity through a uniform error spread across predicted values. (b)
Distribution of participant random intercepts displaying a slightly skewed curve (Left) alongside a
Normal Q-Q plot confirming the normality assumption of the random effects is met across central
quantiles (Right).
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