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Abstract

Background and
Aims

Methods

Results

Conclusions

Nighttime light exposure has emerged as a potential risk factor for cardiovascular disease (CVD). However, its
impact on cardiac structure and function remains unknown.

This population-based cohort study included 11 071 UK Biobank participants who wore a wrist-worn accelerom-
eter with an integrated light sensor for 7 days between 2013 and 2015 (baseline) and had subsequent cardiovas-
cular magnetic resonance (CMR) imaging 3 years later. Nighttime light exposure >3 lux was estimated, and its
dose-response relationships with CMR phenotypes were examined using generalized linear regression models.
Associations of nighttime light exposure with incident CVD outcomes and mortality were examined using Cox
models (n = 73 286).

After multivariable adjustment, high (vs none) nighttime light exposure >3 lux was associated with left ventricu-
lar (LV) concentric hypertrophy and subclinical functional decline, including 2.4% (95% confidence interval
1.6%, 3.1%) greater LV mass indexed to height?”, 1.5% (1.0%, 2.0%) greater mean wall thickness, and 1.9%
(1.1%, 2.7%) lower myocardial contraction fraction. Nighttime light exposure was also associated with impaired
myocardial deformation, including lower absolute global LV circumferential [-2.7% (—3.7%, —1.7%)], radial
[-2.9% (—3.9%, —1.8%)], and longitudinal strain [-2.8% (—3.9%, —1.7%)] indices. Adverse associations were
also observed for the right ventricle, including 0.9% (0.1%, 1.8%) greater end-diastolic and 1.6% (0.5%, 2.8%)
greater end-systolic volumes indexed, and for the left atrium, including 2.3% (0.7%, 3.9%) greater maximum vol-
ume indexed and 1.1% (0.3%, 1.9%) lower ejection fraction. All associations exhibited linear dose-response re-
lationships, with most partly mediated by shorter sleep duration (proportion mediated: 24%-49%). During 8-10
years of follow-up, participants with high (vs none) nighttime light exposure had 29% (12%, 49%) higher risk of
heart failure, 15% (4%, 27%) higher risk of atrial fibrillation, 24% (7%, 44%) higher risk of myocardial infarction,
33% (11%, 59%) higher risk of stroke, and 26% (5%, 52%) higher risk of CVD mortality.

Greater nighttime light exposure was associated with adverse cardiac remodelling and subclinical functional de-
cline across multiple chambers, statistically mediated by shorter sleep duration. These findings provide potential
mechanistic insights into how nighttime light exposure may elevate CVD risk and highlight dark nights and ad-
equate sleep for cardiovascular health.
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Structured Graphical Abstract

Key Question
Is objectively measured individual-level nighttime light exposure associated with subclinical cardiac structure and function?

Key Finding

In this population-based cohort study, greater nighttime light exposure was associated with adverse cardiac remodelling and subclinical
functional decline, characterized by left ventricular concentric hypertrophy, reduced myocardial deformation, and right ventricular and left
atrial dilatation with impaired contractile function in a linear dose—response manner.

Take Home Message
Minimizing nighttime light exposure represents a potentially modifiable circadian risk factor for cardiovascular health.

O @

Study UK Biobank accelerometer subcohort

population

@ @
n=103 615 n=11017 n=73277 n=173286
Baseline: CMR scans: Incident CVD: CVD mortality:
2013-2015 2014-2021 follow-up 2022 follow-up 2024

Clinical outcomes (secondary)

Nighttime light assessmen |

Measurements

Accelerometer-based light R el Left atrium Incident CVD outcomes

>3 lux at night (during the * Max volume * Max volume

least active 5-hour period) o [&F - EF HF (n=1570)
Right ventricle Left ventricle é( AF (n=3195)
- Volumes (EDVi, ESVi) « Function (EF, MCF) L M (n=1391)

| 1 C
N @ 32 « EF Y « Strain (circ, radial, .-
- @ - g ~ longitudinal) Stroke (n = 996)
* Structure (mass, wall, CVD death (n = 884)

thickness, volumes)

Dose—response relationship between
nighttime light and CMR phenotypes

Data analysis Mediation analysis analysis

. . >
LVEDVi LVESVi LVMi LV RWM Nighttime i HF G MI
1.04 ] R .
102 1.024 ::g; 1.02 Ilght Hazard ratio Incidence rate/ Hazard ratio Incidence rate/
E 024 (95% Cl) 100 000 Py (95% CI) 100 000 Py
1.00 = 1.00./ 1'00_/ 1.00 / exposure None i 1 (Reference) 218 (196,242) None i 1 (Reference) 208 (186, 231)
1012 21012 21012 21012 Low I ——  116(101,135)263(237,291) Low i 110(095,129) 235 (210, 262)
o.o}fp Intermediate ++— 113 (097, 131) 264 (238,294)  Intermediate——  1.08 (0.93, 1.26) 237 (211, 265)
l.l.ll LV WT LV MWT VST LV\/'C_‘;”' High ——  1.29(1.12,149) 361 (330,395)  High ——  1.24/(1.07, 1.44) 302 (273, 334)
o ACCZ'elton;eter 0B T0T214Ts oBTOT2 1416
1.02 221 1.024 1.02 erive
1.00 / 1.00-/ 1.00-/ 1.00 ,_,_,_,_/ sleep duration AF % Stroke
-1012 -1012 -1012 -1012
. Hazard ratio Incidence rate/ Hazard ratio Incidence rate/
LV MCF LV Circ LV Circ LV Circ (95% CI; T P;E 5% CI: e P;
global basal mid None ; 1 (Reference) 520 (485,556)  None ; 1 (Reference) 152 (133,172)
1.02 1.004 1.004 1.004 CMR Low i 1.06 (0.96, 1.17) 563 (523,604)  Low —— 107089, 128) 164 (143, 187)
098 \ 0.984 \ 098: \ 0.98 \ Intermediate +=— 1.08 (097, 1.19) 584 (542, 628)  Intermediate ——— 118 (0.99, 1.41) 180 (157, 205)
1.00 0.96 0.96 0.96 phenotypes High i— 115 (1.04,1.27) 661 (617,707)  High i —e—133 (111, 159) 213 (189, 240)
i 0944—— 094%t——— 094+r—7r H {
-1012 -1012 -1012 -1012 0810121416 0810121416

AF, atrial fibrillation; Cl, confidence interval; Circ, circumferential; CMR, cardiovascular magnetic resonance; CVD, cardiovascular disease; EDVi, end-diastolic volume index; EF,
ejection fraction; ESVi, end-systolic volume index; HF, heart failure; IVST, interventricular septal thickness; LA, left atrial; LV, left ventricular; LVMi, left ventricular mass index; LWT,
lateral wall thickness; MCF, myocardial contraction fraction; MI, myocardial infarction; MWT, maximal wall thickness; Py, person-years; RA, right atrial; RWM, relative wall mass;
WT, wall thickness

Dai J, et al. European Heart Journal.

Keywords Circadian rhythm e Cardiovascular disease e Cardiovascular magnetic resonance e Light at night



Light at night and cardiac structure and function

Introduction

Light is the primary cue for entraining circadian clocks, which regu-
late multiple aspects of cardiovascular function (e.g. blood pressure,
heart rate, and myocardial metabolism) and are integral to maintain-
ing cardiovascular homeostasis.? In modern societies, the expan-
sion of artificial lighting has led to pervasive nighttime light
exposure,® which has increasingly been recognized as a potential
environmental risk factor for cardiovascular disease (CVD) through
circadian disruption.* This growing recognition has been further re-
inforced by a recent American Heart Association (AHA) scientific
statement, which emphasized the need for research on how circa-
dian entrainers (e.g. nighttime light exposure) affect cardiovascular
health.” Using indoor light metres or wrist-worn accelerometers
equipped with light sensors, prior studies have associated greater
nighttime light exposure with adverse cardiovascular risk factor
profiles, including elevated blood pressure,® low-density lipopro-
tein cholesterol,” and high-sensitivity C-reactive protein,® as well
as a higher risk of CVD.? Yet, whether nighttime light influences
cardiac structure and function—key intermediate phenotypes
bridging upstream cardiovascular risk factors and downstream clin-
ical CVD outcomes!®—remains unknown.

Cardiovascular magnetic resonance (CMR) serves as the gold
standard modality for quantifying cardiac structure and function,
offering high reproducibility and excellent spatial resolution, and
playing a pivotal role in clinical decision-making in cardiology.'®
By capturing subclinical cardiac remodelling and dysfunction pre-
ceding clinical disease onset, CMR may provide unique mechanistic
insights into early cardiac alterations associated with nighttime light
exposure.r>12 These subclinical cardiac alterations carry important
clinical implications, as CMR-derived phenotypes have been shown
to predict a broad spectrum of CVD outcomes, including heart fail-
ure (HF), atrial fibrillation (AF), myocardial infarction (Ml), stroke,
and CVD mortality.'2"” To date, however, no study has examined
the cardiac consequences of nighttime light exposure using CMR,
likely owing to its high cost, logistical complexity, and the need
for large sample sizes to detect relatively small effect sizes.

The UK Biobank, which includes over 11 000 CVD-free parti-
cipants with accelerometer-based light measurements and sub-
sequent CMR scans, provides an unprecedented opportunity
to fill this evidence gap (Structured Graphical Abstract).
Leveraging this unique dataset, we aimed to investigate the
dose-response relationships between objectively measured,
individual-level nighttime light exposure and CMR phenotypes
of cardiac structure and function. In addition, we examined
whether these associations were partly mediated by sleep dur-
ation,!® as nighttime light exposure is well-established to sup-
press melatonin secretion, a key hormone regulating sleep
homeostasis.'’ To contextualize the clinical relevance of our
findings, we further examined the associations of nighttime light
exposure with incident CVD outcomes and mortality. Finally, we
repeated these analyses for daytime light exposure, given its po-
tential circadian-strengthening effects.?°

Methods
Study design and population

The UK Biobank is a population-based, prospective cohort consist-
ing of ~0.5 million adults aged 40-69 years, recruited between

2006 and 2010.%* Study protocols were approved by the North
West Multi-centre Research Ethics Committee, and all participants
provided written informed consent.

Between 2013 and 2015, participants who provided a valid email
address and agreed to wear an accelerometer were mailed an Axivity
AX3 triaxial accelerometer with a built-in light sensor. They were in-
structed to wear it on their dominant wrist for seven consecutive
days under free-living conditions. Baseline was defined as the end
of accelerometer wear.

Among 103 615 participants with accelerometer data at baseline,
we first excluded 27 557 participants with unreliable data (i.e. abnor-
mal file sizes, poor calibration, <6 valid wear days, or unreliable light
signals) (see Supplementary data online, Figure S1). We then excluded
2770 night-shift workers, as the circadian phase inferred from the
most- and least-active periods may be invalid for these participants.??
We further excluded 4588 participants with prevalent CVD (i.e. M,
stroke, HF, or AF) to mitigate the influence of pre-existing cardiac con-
ditions on CMR phenotypes. Finally, we excluded 57 629 participants
without CMR data or with CMR data acquired before baseline, yield-
ing an analytical sample of 11 017 participants for the primary ana-
lyses. CMR scans were acquired a median of 3.1 years after baseline.

For secondary analyses in which incident CVD or CVD mortality
was the outcome of interest, we excluded participants with the cor-
responding disease at baseline, yielding analytic samples ranging
from 71 077 for AF to 73 286 for CVD mortality. For each incident
CVD outcome, follow-up began at baseline and continued until the
earliest occurrence of the first diagnosis, death, loss to follow-up, or
administrative censoring at the last available date of linked hospital
inpatient data (31 October 2022, for England; 31 August 2022, for
Scotland; and 31 May 2022, for Wales). For CVD mortality, follow-
up extended through 31 May 2024, for England and Wales, and 31
December 2023, for Scotland.

Exposure assessment
The Axivity device, which integrates a silicon photodiode sensor
(APDS9007; spectral sensitivity: 470-650 nm), recorded ambient light
and physical activity at 100 Hz. We pre-processed the raw continuous-
wave accelerometer (CWA) data using previously described proce-
dures.?®>-2° Briefly, we first used the GGIR R package to identify 5-s
non-wear epochs based on physical activity.?® Second, we down-
sampled light measurements from 100 to 1 Hz and converted the
raw readings following the device manual and a published calibration
equation.?® Third, we aligned the calibrated light data with the GGIR
output, removed non-wear epochs, and averaged the remaining mea-
surements into 1-min epochs to reduce noise. According to a calibra-
tion study of Axivity devices used in the UK Biobank, the calibrated
sensors provided reliable estimates of illumance.?® Participants wore
the device for a median (interquartile range) of 23.8 (23.7-24.0) h/day.
Because circadian phase varies substantially across individuals,?”
we defined each participant’s circadian nighttime and daytime accord-
ing to their least active 5-h (L5) and most active 10-h (M10) periods,
respectively.?? L5 and M10 periods are widely used non-parametric
indicators of the circadian rest-activity rhythm phase.?? The expo-
sures of interest were nighttime light exposure >3 lux and daytime
light exposure >1000 lux, which integrated timing, intensity, and dur-
ation of light, and have been used in multiple epidemiologic and inter-
vention studies.?8~32 The nighttime threshold of 3 lux corresponds to
light levels that may suppress melatonin release.3>3* The daytime
threshold of 1000 lux generally represents sunlight, the predominant
entrained of the circadian system.>®

Outcome assessment

The primary outcomes were CMR phenotypes. The CMR acquisition
protocol has been described previously.2 Briefly, CMR images were
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acquired using 1.5-T scanners (MAGNETOM Aera, Syngo Platform
VD13A, Siemens Healthcare) starting in 2014. Cine images, includ-
ing short-axis, long-axis, and aortic views, were acquired using ba-
lanced steady-state free precession sequences. All images were
processed using a validated, automated, deep learning-based con-
volutional neural network pipeline.3”

For left ventricular (LV) structure and function, we included end-
diastolic volume (LVEDV), end-systolic volume (LVESV), LV mass
(LVM), and ejection fraction (LVEF). LV relative wall mass was calcu-
lated as the ratio of LVM to LVEDV, and LV myocardial volume was
derived from LVM assuming a myocardial density of 1.05 g/mL.%®
Myocardial contraction fraction (MCF) was defined as the ratio of
LV stroke volume to myocardial volume. Because indexing to body
surface area may bias estimates in individuals with high adiposity,
we indexed LVEDV, LVESV, and LVM to height?”.12

We quantified LV wall thickness (WT) for each of the 16 segments
defined by the AHA as the mean perpendicular distance between
the endocardial and epicardial borders at end-diastole.3” The
mean WT was calculated as the average across all 16 segments,
whereas the maximal WT (MWT) corresponded to the highest seg-
mental value. Septal and lateral WT were calculated as the mean WT
of AHA segments 2, 3, 8, 9, and 14 (septal), and segments 5, 6, 11,
12, and 16 (lateral). The septal-to-lateral WT ratio (SLWR) was then
derived by dividing septal WT by lateral WT, with values <0.7 or
>1.3 classified as abnormal.>’

As myocardial strain captures subclinical alterations in myocardial
mechanics beyond conventional volume and mass measures,'® we
additionally included global and regional (i.e. circumferential, radial,
and longitudinal) LV strain measures indexed to LVM.*? Unindexed
strain values were derived using a three-dimensional deformable
model of the myocardium, with the basal, mid, and apical regions
corresponding to AHA segments 1-6, 7-12, and 13-16, respective-
ly. Longitudinal strain values for the mid and apical levels were not
released at the time of analysis. To facilitate interpretation, we used
absolute strain values, where lower absolute magnitudes uniformly
indicated worse myocardial deformation (i.e. less negative LV cir-
cumferential and longitudinal strain values and less positive radial
strain values denoted impaired myocardial mechanics).2

For right ventricular (RV) structure and function, we included
RVEDV;, RVESV;, and RVEF. For left atrial (LA) and right atrial (RA)
structure and function, we included maximum volume and ejection
fraction (LAEF and RAEF). For consistency, all volume measures
were indexed to height®”.

The secondary outcomes included incident MI, stroke, HF, AF,
and CVD mortality, ascertained from self-reported diagnoses, linked
hospital inpatient records, and death registries.*®~*? Details are pro-
vided in Supplementary data online, Table S1.

Covariate assessment

During the cohort enrolment (2006-2010), information on age, sex,
ethnicity, Townsend Deprivation Index, years of education, employ-
ment status, urbanicity, healthy dietary score, smoking status, alco-
hol consumption, and self-rated health was collected using
standardized questionnaires at the assessment centres. Body mass
index (BMI) was calculated as weight (kg) divided by height squared
(m?), and blood vitamin D was measured using chemiluminescent
immunoassay (LIAISON XL, DiaSorin Ltd). Ambient concentrations
of PMyg, nitrogen dioxide, and nitrogen oxide for 2010 were esti-
mated using a Land Use Regression model developed as part of
the European Study of Cohorts for Air Pollution Effects (ESCAPE,
https://cordis.europa.eu/project/id/211250). Hypertension, dysli-
pidemia, diabetes, and chronic kidney disease were ascertained
from multiple sources, including blood biomarkers, hospital admis-
sion records, primary care data, self-reported medication usage,
and death registries. Physical activity was derived from

accelerometer data as the average overall acceleration, and sleep
duration was defined as the sustained inactivity period between
sleep onset and offset times.*> Photoperiod was defined as the
interval between sunrise and sunset at the assessment centre loca-
tion on the accelerometer wear date, and the season of wear was
determined by solstice and equinox dates.** We also calculated
the time interval between accelerometer wear and completion of
the CMR scan. Among participants who also attended the first
follow-up visit (2012-2013), we used covariate values closest to
and preceding the baseline of this study. Details of covariates are
provided in Supplementary data online, Table S2.

Statistical analysis

Given the right-skewed distributions of CMR phenotypes, we used
generalized linear regression models with a gamma distribution
and a log link to estimate percentage differences with 95% confi-
dence intervals (Cls) for each CMR phenotype associated with light
exposure.?

To address potential non-linearity and facilitate interpretation, we
categorized light exposures into quartiles (quartile 1 as reference).
Since over 25% of participants had no nighttime light exposure >3
lux, we designated them as the non-exposed group (reference) and di-
vided the remainder into tertiles (i.e. low, intermediate, and high). All
models were adjusted for sociodemographic (age, sex, ethnicity,
Townsend Deprivation Index, years of education, employment status,
urbanicity), lifestyle (physical activity, healthy dietary score, smoking
status, alcohol consumption), health conditions (self-rated health,
BMI, hypertension, dyslipidemia, diabetes, chronic kidney disease,
and blood vitamin D), environmental factors [PM,, nitrogen dioxide,
and nitrogen oxide, photoperiod, season of wear, and daytime light ex-
posure >1000 lux when nighttime light exposure >3 lux was the ex-
posure (and vice versa)], and time interval between accelerometer
wear and completion of CMR scan. For significant associations, we de-
picted their dose-response relationships using restricted cubic splines
(knots at the 5th, 50th, and 95th percentiles), with nighttime light ex-
posure log-transformed to account for its right-skewed distribution.
Additionally, we performed causal mediation analyses to evaluate
the potential mediating role of sleep duration.*> These analyses rely
on the sequential ignorability assumption, which requires no unmeas-
ured confounding for both the exposure-mediator and mediator-
outcome relationships.*® Furthermore, we evaluated potential
multiplicative effect modifications by age or sex through comparing
models with and without interaction terms using likelihood ratio tests.
The number of missing values is presented in Supplementary data
online, Table S3. We imputed missing values using missing categories
for categorical variables and medians for continuous variables.

To examine the associations between light exposures and inci-
dent CVD outcomes (i.e. M, stroke, HF, and AF) and CVD mortality,
we used Cox proportional hazards models with age as the under-
lying timescale to estimate hazard ratios (HRs) with 95% Cls, adjust-
ing for the same covariates as above, except for the time interval
between accelerometer wear and CMR scan. We tested the propor-
tional hazards assumption using Schoenfeld residuals and detected
no violation.

We conducted several sensitivity analyses. First, to mitigate po-
tential reverse causation, we excluded 3243 participants with
CMR scans acquired within 2 years after baseline. Separately, to fur-
ther address potential reverse causation, we conducted an addition-
al sensitivity analysis among 951 participants whose CMR was
acquired prior to the accelerometer wearing period. For these par-
ticipants, each pre-baseline CMR phenotype (per standard-
deviation increase) was modelled as the explanatory variable and
log-transformed nighttime light exposure (>3 lux) at baseline as
the outcome, using linear regression with the same covariate set
as the primary analysis. Second, to evaluate the robustness of our
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findings to missing data, we restricted analyses to participants with
complete information on all covariates (n = 9064; 82.2%). Third, to
assess whether the selection of participants with CMR data could
bias the associations between nighttime light exposure and
CMR-derived phenotypes, we applied inverse sampling weights de-
rived from a logistic model including all baseline characteristics and
repeated the generalized linear regression analyses. Fourth, to ad-
dress potential multiplicity arising from the large number of CMR
phenotypes, we applied the Benjamini-Hochberg false discovery
rate (FDR) correction across all CMR phenotypes.

We conducted data analysis using R 4.4.2 (R Foundation for
Statistical Computing, Vienna, Austria) and considered a two-sided
P-value <.05 statistically significant.

Results

Participant characteristics

At baseline, there were 11 071 participants (mean age, 61.1 years;
56.6% female; 97.6% White) (Table 1). With increasing categories
of nighttime light exposure >3 lux, participants were increasingly
likely to be male and current smokers, wear the device during
summer and long photoperiod, and have obesity and short sleep
duration. With increasing categories of daytime light exposure
>1000 lux, participants were increasingly likely to be retired or un-
employed, wear the device during summer and longer photoper-
iods, and have higher physical activity and blood vitamin D
levels (see Supplementary data online, Table S4). Daytime and
nighttime light exposures were uncorrelated (Pearson’s r = 0.05).
Compared with individuals with CMR data, those who were ex-
cluded due to lack of CMR data (n = 57 629) were older, more like-
ly to be female, have hypertension, dyslipidemia, and fair or poor
self-rated health (see Supplementary data online, Table S5).

Light exposures and CMR phenotypes

After age and sex standardization, participants with high (vs
none) nighttime light exposure >3 lux tended to have greater
cardiac chamber volumes of the left and right ventricle and
left atrium, as well as greater LV mass and wall thickness, accom-
panied by lower cardiac function and myocardial strain (see
Supplementary data online, Table S6).

After adjusting for sociodemographic, lifestyle, health, and
environmental factors, as well as the time interval between ac-
celerometer wear and CMR imaging, greater nighttime light ex-
posure was associated with adverse LV remodelling, including
greater LV volumes, mass, and wall thickness (Table 2).
Specifically, participants with high nighttime light exposure >3
lux had 1.0% (95% CI 0.1%, 1.8%) greater LVEDV;, 1.7% (0.5%,
3.0%) greater LVESV;, 2.4% (1.6%, 3.1%) greater LVM;, and
1.4% (0.7%, 2.0%) greater LV RWM, compared with those
with no nighttime light exposure >3 lux. Similar positive associa-
tions were observed for all LV wall thickness measures, includ-
ing 1.5% (1.0%, 2.0%) greater WT, 1.3% (0.7%, 1.9%) greater
MWT, 1.5% (0.9%, 2.1%) greater IVST, and 1.6% (1.0%, 2.1%)
greater LWT. The normal SLWR across nighttime light exposure
categories, together with the observed increases in LVM; and
WT, suggested concentric hypertrophy.

For LV function, high (vs none) nighttime light exposure >3 lux
was associated with 1.9% (1.1%, 2.7%) lower MCF and a non-
significant 0.5% (—0.02%, 1.0%) reduction in LVEF. Moreover,
high nighttime light exposure >3 lux was associated with lower

myocardial deformation, reflected by —2.7% (-3.7%, —1.7%)
lower absolute global LV circumferential strain, —2.9% (—3.9%,
—1.8%) lower radial strain, and —2.8% (-3.9%, —1.7%) lower lon-
gitudinal strain indices. Similar patterns were observed across
the basal, mid, and apical segments for circumferential and radial
strain indices.

For RV structure and function, participants with high night-
time light exposure >3 lux had 0.9% (0.1%, 1.8%) greater
RVEDV; and 1.6% (0.5%, 2.8%) greater RVESV; compared with
those with no nighttime light exposure >3 lux. For LA structure
and function, participants with high nighttime light exposure >3
lux had 2.3% (0.7%, 3.9%) greater LA maximum volume; and
1.1% (0.3%, 1.9%) lower LAEF, compared with those with no
nighttime light exposure >3 lux. Nighttime light exposure was
not associated with RA structure and function measures.

In dose-response analyses for the significant associations ob-
served above, log-transformed nighttime light exposure >3 lux
showed linear relationships with all CMR phenotypes (P for non-
linearity >.11) (Figure 1). There was no evidence of multiplicative
effect modification by age or sex (P for heterogeneity > .08) (see
Supplementary data online, Table S7). In sensitivity analyses, the
associations between nighttime light exposure and CMR pheno-
types remained robust after (i) excluding participants with CMR
scans acquired within 2 years after baseline; (ii) performing
complete-case analysis; (iii) applying the inverse sampling
weights to mitigate potential selection bias; and (iv) applying
the Benjamini-Hochberg false discovery rate (FDR) correction
across all CMR phenotypes (see Supplementary data online,
Tables S8-511). Among 951 participants whose CMR was ac-
quired prior to the accelerometer wearing period, no pre-baseline
CMR phenotype was significantly associated with subsequent
baseline nighttime light exposure after FDR adjustment (all
FDR-adjusted P > .08) (see Supplementary data online, Table S12).

In contrast to the broad associations observed for nighttime
light exposure with CMR phenotypes, daytime light exposure
>1000 lux was associated only with RVESV;, which was 1.8%
(0.4%, 3.1%) lower in quartile 4 compared with quartile 1 (see
Supplementary data online, Table S13).

Mediation analyses

High (vs none) nighttime light exposure >3 lux was associated
with 24 CMR phenotypes. Of them, 16 associations were partly
mediated by shorter sleep duration, encompassing phenotypes
of LV and RV structure, function, and myocardial strain
(Table 3). Specifically, shorter sleep duration appeared to explain
24% to 49% of the observed associations between greater
nighttime light exposure and adverse CMR phenotypes, with
the largest PMs observed for LV RWM [49% (29%, 96%)], LV
MWT [41% (24%, 80%)], and IVST [39% (25%, 68%)].

Light exposures and cardiovascular disease
risk

Over a median follow-up of 7.9 to 9.5 years, there were 1391 in-
cident Ml cases, 996 incident stroke cases, 1570 incident HF
cases, 3195 incident AF cases, and 884 CVD deaths. The age-
and sex-standardized incidence rates per 100 000 person-years
for participants with high vs no nighttime light exposure >3 lux
were 302 vs 208 for MI, 213 vs 152 for stroke, 361 vs 218 for
HF, 661 vs 520 for AF,and 169 vs 104 for CVD mortality (Figure 2).
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Table 1 Baseline characteristics, overall and by extreme categories of nighttime light exposure

Characteristics Overall Nighttime light exposure above 3 lux
(n=11071) None ................... |_ OW ............... |ntermed|ate ............... ngh ......
(n=3438) (n=2817) (n=2400) (n=2416)
. N|ghtt|m e I |ght . >3 qu m | n ................. 86 (264) ................ 0 ( O) .................. 0 9(06) ............... 46 ( 1 8) .............. 339 (485) e

Age, years 61.1(7.5) 61.3(7.5) 61.0(7.5) 60.8 (7.6) 61.2(7.4)
Female sex 6261 (56.6) 2069 (60.2) 1613 (57.3) 1283 (53.5) 1296 (53.6)
White 10807 (97.6) 3372(98.1) 2754 (97.8) 2340 (97.5) 2341 (96.9)
Townsend deprivation index -2.0(2.6) -2.2(2.6) -2.1(2.5) -2.0(2.6) -1.7 (2.8)
Years of education 15.8 (4.7) 15.7 (4.7) 16.1 (4.6) 15.7 (4.8) 15.7 (4.7)
Employed 6950 (62.8) 2104 (61.2) 1790 (63.5) 1571 (65.5) 1485 (61.5)
Urbanicity 9125 (82.4) 2773 (80.7) 2321 (82.4) 1991 (83.0) 2040 (84.4)
Photoperiod, h 12.4 (3.2) 12.0 (3.0) 12.3 (3.1) 12.5(3.2) 13.2(3.3)
Season of wear

Spring 2429 (21.9) 842 (24.5) 631 (22.4) 492 (20.5) 464 (19.2)

Summer 2749 (24.8) 572 (16.6) 647 (23.0) 647 (27.0) 883 (36.5)

Autumn 3456 (31.2) 1187 (34.5) 928 (32.9) 735 (30.6) 606 (25.1)

Winter 2437 (22.0) 837 (24.3) 611 (21.7) 526 (21.9) 463 (19.2)
Healthy dietary score 3.0 (1.3) 3.1(1.2) 3.0(1.2) 3.0 (1.3) 2.9 (1.3)
Smoking status

Never 6879 (62.1) 2233 (65.0) 1783 (63.3) 1461 (60.9) 1402 (58.0)

Former 3662 (33.1) 1077 (31.3) 917 (32.6) 806 (33.6) 862 (35.7)

Current 501 (4.5) 120 (3.5) 112 (4.0) 123(5.1) 146 (6.0)
Alcohol drinking status

None 1790 (16.2) 574 (16.7) 429 (15.2) 382 (15.9) 405 (16.8)

Moderate 5616 (50.7) 1829 (53.2) 1439 (51.1) 1173 (48.9) 1175 (48.7)

Heavy 3661 (33.1) 1035 (30.1) 949 (33.7) 844 (35.2) 833 (34.5)
Physical activity, mG 28.9 (8.2) 28.9 (8.2) 28.8 (7.8) 29.2(8.2) 28.7 (8.4)
Self-rated health

Excellent 2873 (26.0) 958 (27.9) 756 (26.8) 591 (24.6) 568 (23.5)

Good 6705 (60.6) 2097 (61.0) 1716 (60.9) 1470 (61.3) 1422 (58.9)

Fair 1323 (12.0) 349 (10.2) 311 (11.0) 303 (12.6) 360 (14.9)

Poor 156 (1.4) 29 (0.8) 32(1.1) 34 (1.4) 61 (2.5)
Body mass index

Normal 4728 (42.7) 1621 (47.1) 1239 (44.0) 1002 (41.8) 866 (35.8)

Overweight 4605 (41.6) 1383 (40.2) 1164 (41.3) 992 (41.3) 1066 (44.1)

Obesity 1728 (15.6) 432 (12.6) 410 (14.6) 404 (16.8) 482 (20.0)
Hypertension 7336 (66.3) 2229 (64.8) 1854 (65.8) 1567 (65.3) 1686 (69.8)
Diabetes 426 (3.8) 131 (3.8) 94 (3.3) 101 (4.2) 100 (4.1)
Dyslipidemia 4890 (44.2) 1432 (41.7) 1248 (44.3) 1090 (45.4) 1120 (46.4)
Chronic kidney disease 553 (5.0) 174 (5.1) 121 (4.3) 124 (5.2) 134 (5.5)
Blood vitamin D, nmol/L 49.3 (20.8) 50.2 (21.2) 49.3 (20.7) 48.1(20.1) 48.5(21.1)

Continued
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Table 1 Continued

Characteristics Overall Nighttime light exposure above 3 lux
(M=11071)  cooevrssssesssmmssmes e s JRSTRRLE
None Low Intermediate High
(n=3438) (n=2817) (n =2400) (n=2416)

. A |r pol Iut|o n Mg/ m3 .......................................................................................................................................
PMyq 16.0 (1.9) 15.9 (1.9) 16.0 (1.9) 16.0(1.8) 16.1(1.9)
Nitrogen dioxide 25.7 (7.2) 25.3(7.1) 25.5 (7.0 25.6 (7.1) 26.4 (7.5)
Nitrogen oxide 42.5(14.4) 41.8 (14.4) 42.3 (14.0) 42.4(14.2) 43.9 (15.3)

Daytime light >1000 lux, min 214.4 (150.5) 187.4 (139.7) 207.1 (146.1) 227.1 (153.4) 249.0 (159.3)
Sleep duration, h 4 (0.9) 7.7 (0.8) .5(0.8) 7.3(0.9) 6.9 (1.0)

Data are presented as mean (standard deviation) for continuous variables and n (%) for categorical variables.

After adjusting for sociodemographic, lifestyle, health, and en-
vironmental factors, participants with high (vs none) nighttime
light exposure >3 lux had 24% (7%, 44%) higher risk of M,
33% (11%, 59%) higher risk of stroke, 29% (12%, 49%) higher
risk of HF, 15% (4%, 27%) higher risk of AF, and 26% (5%,
52%) higher risk of CVD mortality. In dose-response analyses,
log-transformed nighttime light exposure >3 lux showed a linear
positive association with all incident CVD outcomes and CVD
mortality (P for non-linearity > .17). In contrast, incidence rates
for daytime light exposure >1000 lux were similar between the
extreme quartiles, and no association was observed between
daytime light exposure and CVD outcomes (see Supplementary
data online, Table S14).

Discussion

In this large population-based cohort of CVD-free adults with
objectively measured individual-level light exposure and subse-
qguent CMR imaging, greater nighttime light exposure was asso-
ciated with adverse cardiac remodelling and subclinical
functional decline, characterized by LV concentric hypertrophy
with increased LV mass and wall thickness, reduced myocardial
deformation and systolic performance, and concurrent RV and
LA dilatation with impaired contractile function in a linear
dose-response manner. Most associations were partly statistic-
ally mediated by shorter sleep duration. These subclinical car-
diac alterations are clinically relevant, as greater nighttime
light exposure was also associated with higher risks of multiple
CVD outcomes and mortality.

To our knowledge, this is the first study to characterize
CMR-derived cardiac phenotypes associated with nighttime
light exposure. Our findings bridge the gap between prior studies
linking nighttime light exposure to upstream CVD risk factors
and those linking it to downstream clinical CVD endpoints,
revealing adverse structural and functional alterations across
multiple cardiac chambers and offering mechanistic insights
into the light-CVD pathway. Previous epidemiologic studies
have demonstrated that greater objectively measured,
individual-level nighttime light exposure was associated with ad-
verse cardiometabolic profiles, including higher nocturnal blood
pressure,® subclinical carotid atherosclerosis,*”*® dyslipidemia,”

hypertension,** obesity,*’ diabetes,?**° as well as increased

CVD risk? and cardiometabolic disease mortality.?> Other
studies have explored potential biological pathways, linking
nighttime light exposure to impaired cardiac autonomic regula-
tion,>° elevated systemic inflammation,® and disrupted circadian
rhythmicity of inflammatory markers.® Collectively, these find-
ings suggest that nighttime light exposure may contribute to
autonomic imbalance, systemic inflammation, vascular injury,
and metabolic dysregulation, all of which are upstream processes
leading to cardiac remodelling and dysfunction.® On the other
hand, adverse CMR phenotypes, including LV concentric hyper-
trophy, reduced myocardial deformation, and impaired systolic
performance, as well as RV and LA dilatation with impaired con-
tractile function, have been positively linked to incident CVD
outcomes (e.g. HF, AF, MI, and stroke) or CVD mortality.'?"”
The consistent associations of nighttime light exposure with
both subclinical cardiac alterations and clinical CVD outcomes
in our study, together with prior evidence linking adverse CMR
phenotypes to CVD risk, highlight the clinical relevance of our
findings. Our CVD outcome findings are broadly consistent
with a previous UK Biobank study that reported similar associa-
tions between nighttime light exposure and incident CVD using a
fixed clock-time definition of nighttime (00:30-6:00 a.m.).
Extending beyond that work, our study employed an individually
determined L5-based nighttime definition that more accurately
captures circadian disruption.2 Thus, our CVD outcome findings
provide complementary evidence using a more biologically
grounded exposure definition, while primarily serving to con-
textualize the clinical relevance of our novel CMR findings.
Notably, our study provides the first CMR-based mechanistic
evidence linking nighttime light exposure to adverse cardiac re-
modelling and subclinical functional decline across multiple
chambers, offering a structural and functional basis for the ele-
vated CVD risk observed in both studies.

To facilitate interpretation of the observed effect sizes, it is
useful to compare them with those reported for other environ-
mental exposures in the same imaging platform. For example, a
previous study using the UK Biobank CMR dataset reported that
each interquartile range increase in ambient PM, 5 was asso-
ciated with 0.82% greater LVEDV and 1.28% greater LVESV.!
These magnitudes are comparable to those observed in the pre-
sent study. Similarly, analyses of aircraft noise exposure in the
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Table 2 Associations between nighttime light exposure and cardiac magnetic resonance phenotypes

Phenotype

None

Intermediate

LV structure
LVEDV;
LVESV;
LVMi
LV RWM
LVWT
LV MWT
IVST
LV LWT
LV SLWR

LV function
LVEF
LV MCF

Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref

Ref
Ref

0.3% (—0.5%, 1.0%)
0.8% (—0.3%, 2.0%)
0.8% (0.1%, 1.5%)
0.5% (—0.1%, 1.1%)
0.6% (0.2%, 1.1%)
0.7% (0.2%, 1.3%)
0.7% (0.1%, 1.2%)
0.5% (0.1%, 1.0%)
0.1% (-0.2%, 0.5%)

—0.3% (—0.8%, 0.1%)
—0.8% (—1.6%, —0.1%)

Absolute LV circumferential strain index

Global
Basal
Mid
Apical

Ref
Ref
Ref
Ref

Absolute LV radial strain index

Global
Basal
Mid
Apical

Ref
Ref
Ref
Ref

—0.8% (—1.7%, 0.2%)
—1.3% (-2.2%, —0.3%)
—0.6% (—1.6%, 0.4%)
—0.3% (-1.5%, 0.8%)

—0.9% (-1.9%, 0.1%)
—1.3% (-2.5%, —0.2%)
—0.7% (-1.8%, 0.5%)
—0.7% (—1.8%, 0.5%)

Absolute LV longitudinal strain index

Global

Basal

Ref
Ref

RV structure and function

RVEDV;
RVESV;
RVEF

Ref
Ref
Ref

LA structure and function

LA maximum volume; Ref

LAEF

Ref

RA structure and function

RA maximum volume; Ref

RAEF

Ref

—0.4% (-1.4%, 0.7%)
—0.3% (-1.3%, 0.7%)

0.2% (—0.5%, 1.0%)
0.1% (—1.0%, 1.2%)
0.1% (—0.4%, 0.6%)

1.0% (-0.4%, 2.5%)
—0.3% (—1.0%, 0.4%)

—0.1% (-1.4%, 1.2%)
—0.8% (—1.7%, 0.2%)

.50
16
.03
A2
.009
.01
.01
.03
49

17
.03

56
.86
.60

17
.38

.89
10

1.1% (0.3%, 1.9%)
1.3% (0.1%, 2.6%)
1.7% (0.9%, 2.5%)
0.6% (—0.1%, 1.3%)
1.0% (0.5%, 1.5%)
1.0% (0.4%, 1.5%)
1.1% (0.6%, 1.7%)
1.0% (0.5%, 1.5%)
0.1% (—0.3%, 0.5%)

—0.1% (—0.6%, 0.4%)
—0.7% (-1.5%, 0.0%)

—1.5% (-2.5%, —0.5%)
-1.9% (-2.9%, —0.9%)
—1.5% (-2.5%, —0.4%)
-1.1% (-2.3%, 0.1%)

—1.5% (-2.5%, —0.4%)
—2.1% (-3.3%, —0.8%)
—1.2% (-2.4%, 0.04%)
—1.1% (-2.3%, 0.2%)

—1.4% (-2.5%, —0.3%)
—1.3% (-2.3%, —0.2%)

0.8% (—0.0%, 1.6%)
1.1% (-0.1%, 2.2%)
—0.1% (—0.7%, 0.4%)

2.9% (1.4%, 4.5%)
—1.1% (-1.9%, —0.4%)

1.0% (-0.4%, 2.4%)
—1.3% (-2.2%, —0.3%)

.009
.03
<.001
.07
<.001

.001
<.001
<.001

.55

.60
.06

.002
<.001

.007

.06

.006
.001
.05
.10

.01
.02

.06
.07
.58

<.001
.004

17
.01

1.0% (0.1%, 1.8%

1.7% (0.5%, 3.0%

2.4% (1.6%, 3.1%
(

1.5% (1.0%, 2.0%

1.3% (0.7%, 1.9%

1.5% (0.9%, 2.1%

1.6% (1.0%, 2.1%
0.01% (—0.4%, 0.4%)

)
)
)
1.4% (0.7%, 2.0%)
)
)
)
)

—0.5% (—1.0%, 0.02%)
—1.9% (-2.7%, —1.1%)

—2.7% (-=3.7%, —1.7%)
—3.2% (—4.2%, —2.2%)
—2.5% (-3.6%, —1.4%)
—2.4% (-3.6%, —1.2%)

-2.9%
-3.7%

3.9%, —1.8%)
4.9%, —2.5%)

-2.5%

(-
(—
(=3.7%, —1.3%)
(—

—2.3% (-3.5%, —1.0%)
—2.8% (-3.9%, —1.7%)
—2.7% (-3.8%, —1.7%)

0.9% (0.1%, 1.8%)
1.6% (0.5%, 2.8%)
—0.5% (-1.0%, 0.1%)

2.3% (0.7%, 3.9%)
—1.1% (-1.9%, —0.3%)

—0.3% (-1.7%, 1.1%)
—0.6% (—1.6%, 0.4%)

.02

.006
<.001
<.001
<.001
<.001
<.001
<.001

.96

.06
<.001

<.001
<.001
<.001
<.001

<.001
<.001
<.001
<.001

<.001
<.001

.03
.006
.08

.004
.004

.69
25

10981
10981
10981
10981
10968
10968
10968
10968
10968

10968
10981

10960
10960
10960
10960

10960
10960
10960
10960

10630
10630

10981
10981
10981

10853
10853

10853
10853

Generalized linear regression with gamma distribution and log link was performed, adjusted for age, sex, ethnicity, body mass index, years of education, employment
status, urbanicity, healthy dietary score, smoking status, alcohol drinking status, physical activity, photoperiod, season of wearing accelerometer, PMq, nitrogen
dioxide, nitrogen oxide, self-rated health, diabetes, dyslipidemia, hypertension, chronic kidney disease, blood vitamin D, and daytime light >1000 lux. All volume
and mass metrics were indexed to height”. All strain metrics were indexed to LVM.
EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; IVST, interventricular septal thickness; LA, left atrial; LV, left ventricular; LVM, left
ventricular mass; LWT, lateral wall thickness; MCF, myocardial contraction fraction; MWT, maximal wall thickness; RA, right atrial; RWM, relative wall mass; SLWR,
septal-to-lateral wall thickness ratio; WT, wall thickness; WT, mean wall thickness.
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Figure 1 Dose-response relationships between objectively measured individual-level nighttime light exposure (log-transformed) and

cardiac magnetic resonance phenotypes

UK Biobank CMR cohort have reported effect sizes of a similar
scale.’? Together, these comparisons suggest that the magni-
tude of the associations observed for nighttime light exposure
is consistent with that reported for other established environ-
mental cardiovascular risk factors.

Sleep duration likely represents only one of several pathways
through which nighttime light exposure may influence cardiac
structure and function. Our mediation analyses suggest that the
impact of nighttime light exposure on adverse cardiac structural

and functional alterations might be partly statistically mediated
by shorter sleep duration. Experimental and observational studies
in humans have demonstrated that nighttime light exposure sup-
presses melatonin secretion,” which plays a central role in regulat-
ing sleep duration.’®2® Notably, experimental evidence suggests
that light levels as low as ~3 lux can suppress nocturnal melatonin
secretion in humans, providing the biological rationale for the
nighttime light threshold used in the present study.>*** On the
other hand, shorter sleep duration has been reported to be
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Table 3 Mediation analyses for the associations between nighttime light exposure and cardiac magnetic resonance

phenotypes via sleep duration

Phenotype Average causal mediation effect
...... MD (95%c|)pva|ue
. LV st r ucture .................................................................
LVEDV; 0.02 (-0.14, 0.21) .84
LVESV; —-0.02 (-0.12, 0.09) .72
LVMi 0.25(0.16, 0.34) <.001
LV RWM 0.004 (0.003, 0.01) <.001
LV WT 0.03(0.02, 0.04) <.001
LV MWT 0.04 (0.03, 0.06) <.001
IVST 0.03(0.02, 0.05) <.001
LV LWT 0.03 (0.02, 0.04) <.001
LV function
LV MCF —-0.01 (-0.01, —0.003) <.001
Absolute LV circumferential strain index
Global —-0.005 (-0.01, —0.002) <.001
Basal —-0.01 (-0.01, —0.003) <.001
Mid —-0.004 (-0.01, —0.001) <.001
Apical —-0.005 (-0.01, —-0.001) <.001
Absolute LV radial strain index
Global —0.01 (-0.02, —0.004) <.001
Basal —-0.02 (-0.02, —0.01) <.001
Mid —0.01 (-0.02, —0.002) <.001
Apical —0.005 (-0.01, 0.003) .30
Absolute LV longitudinal strain index
Global —0.004 (-0.01, —0.001) <.001
Basal —0.004 (-0.01, —0.002) <.001
RV structure and function
RVEDV; 0.13 (-0.04, 0.33) .16
RVESV; 0.12 (0.01, 0.23) .02
RVEF —-0.10 (-0.20, 0.02) 14
LA structure and function
LA maximal volume; 0.06 (-0.09, 0.23) .50
LAEF —0.02 (-0.18, 0.16) .78

Total effect Proportion mediated
MD (95% Cl) P-value Proportion (95% Cl) P-value
0.60 (0.22, 0.99) <.001 3(-38, 61) .84
0.43 (0.20, 0.66) <.001 -5 (-40, 28) 72
0.82 (0.61, 1.03) <.001 29 (17, 50) <.001
0.01 (0.01, 0.01) <.001 49 (29, 96) <.001
0.09 (0.07,0.11) <.001 35 (22, 57) <.001
0.10 (0.06, 0.13) <.001 41 (24, 80) <.001
0.09 (0.06, 0.11) <.001 39 (25, 68) <.001
0.09 (0.07,0.11) <.001 29 (17, 50) <.001
—0.02 (-0.03, -0.01) <.001 33 (13, 59) <.001
—0.02 (-0.03, -0.01) <.001 27 (10, 47) <.001
—0.02 (-0.03, -0.02) <.001 28 (14, 44) <.001
—0.02 (-0.02, —0.01) <.001 25 (6, 50) <.001
—0.02 (-0.03, -0.01) <.001 28 (5, 61) <.001
—0.04 (-0.05, -0.03) <.001 26 (10, 46) <.001
—0.05 (-0.07, —0.04) <.001 31 (15, 49) <.001
—0.04 (-0.05, -0.02) <.001 27 (6, 57) <.001
—0.03 (-0.05, —0.02) <.001 15 (-9, 49) .30
—-0.02 (-0.02, —-0.01) <.001 24 (7, 46) <.001
—-0.02 (-0.02, -0.01) <.001 26 (9, 48) <.001
0.62(0.21, 1.03) <.001 20 (-7, 116) .16
0.45 (0.21, 0.69) <.001 25 (3, 89) .02
—-0.25 (-0.50, —-0.01) .04 41 (-33, 336) .18
0.70 (0.34, 1.05) <.001 7 (—14, 48) .50
—0.65 (-1.03, -0.27) .02 4 (-33, 39) .80

The total effect comparing participants with high vs no nighttime light exposure >3 lux was decomposed into indirect effects (i.e. average causal mediation effects) and
direct effects (i.e. average direct effects) using the R package mediation, with P-values obtained from 100 quasi-Bayesian simulations.

MD, mean difference.

associated with multiple adverse cardiac phenotypes, including LV
hypertrophy®*>? and RV dilatation.>® The importance of appropri-
ate sleep duration for cardiovascular health has been further en-
dorsed by AHA, which has newly incorporated sleep duration
into its updated Life's Essential 8 framework.>* Beyond shortening
sleep duration, nighttime light exposure is thought to disrupt

central and peripheral circadian rhythms, which in turn activates
additional downstream pathways relevant to cardiac remodelling.
Circadian misalignment has been linked to increased sympathetic
nervous system activity and dysregulation of the hypothalamic-pi-
tuitary-adrenal axis,>>>° both of which can elevate blood pressure,
promote myocardial hypertrophy, and impair ventricular function.
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Low

Intermediate —

High

None

Low

0.8

Hazard ratio (95% Cl)

Intermediate

High

Hazard ratio (95% CI)

None

Low

—_—

0.8

Intermediate

High

None

Low

—
0.8

Hazard ratio (95% Cl)

Intermediate

High

—_—
0.8

CVD
Mortality

None

Low

Intermediate —;

High

0.8

1.0

1.0

1.0

1.2

1.2

1.2

1.0

1.0

1.2

1.2

1.4

14

14

14

Hazard ratio (95% CI)

1.4

Incidence rate/100000 PY

1 (Reference) 208 (186, 231)
1.10 (0.95, 1.29) 235 (210, 262)
1.08 (0.93, 1.26) 237 (211, 265)

1.24 (1.07, 1.44) 302 (273, 334)
1.6

Incidence rate/100000 PY

1 (Reference) 152 (133, 172)
1.07 (0.89, 1.28) 164 (143, 187)
1.18 (0.99, 1.41) 180 (157, 205)

1.33 (1.11, 1.59) 213 (189, 240)

1.6

Incidence rate/100000 PY

1 (Reference) 218 (196, 242)
1.16 (1.01, 1.35) 263 (237, 291)
1.13 (0.97, 1.31) 264 (238, 294)

1.29 (1.12, 1.49) 361 (330, 395)

1.6

Incidence rate/100000 PY

1 (Reference) 520 (485, 556)
1.06 (0.96, 1.17) 563 (523, 604)
1.08 (0.97, 1.19) 584 (542, 628)

1.15 (1.04, 1.27) 661 (617, 707)

16

Incidence rate/100000 PY

1 (Reference) 104 (90, 119)
1.05 (0.86, 1.27) 114 (98, 131)
1.07 (0.88, 1.31) 124 (107, 142)

1.26 (1.05, 1.52) 169 (150, 191)
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In addition, experimental and translational studies suggest that cir-
cadian disruption contributes to endothelial dysfunction, increased
oxidative stress, and impaired vascular homeostasis,®”*>® which
may further accelerate adverse cardiac remodelling. Consistent
with this broader mechanistic landscape, the proportion mediated
by sleep duration in our analyses ranged from 24% to 49%, indicat-
ing that a substantial share of the observed associations operates
through pathways other than sleep duration.

The largely null findings for daytime light exposure further
support the specificity of the observed nighttime light associa-
tions. In our analyses, daytime bright light exposure (>1000
lux) was associated with only one CMR phenotype and showed
no associations with incident CVD outcomes or CVD mortality.
This contrast is consistent with the biology of melatonin sup-
pression, which is primarily driven by nocturnal light exposure
and plays a central role in circadian regulation. The absence of
similar associations for daytime light exposure also makes con-
founding by general behavioural or urban environmental factors
less likely, as daytime light exposure would be expected to cor-
relate similarly with many of the same factors as nighttime light
exposure.

Our study has several strengths. First, this is the first large,
population-based study to characterize CMR-derived pheno-
types of cardiac structure and function in relation to nighttime
light exposure. By jointly examining subclinical cardiac altera-
tions and clinical CVD outcomes, our study delineates a mechan-
istic continuum whereby nighttime light exposure may promote
early cardiac remodelling and subclinical functional decline pre-
ceding overt CVD. Second, unlike previous investigations that
primarily relied on satellite-derived estimates of outdoor light
at night, which poorly approximate individual-level expos-
ure,>%°7¢% we measured nighttime light exposure using wrist-
worn sensors validated and endorsed by field experts.2”:¢?
Third, we defined nighttime based on each participant’s least ac-
tive 5-h period, thereby partly accounting for interindividual vari-
ability in circadian timing and more accurately capturing the
circadian regulatory effects of light. Fourth, we adjusted for a
wide range of sociodemographic, lifestyle, health, and environ-
mental covariates, thereby mitigating the potential for residual
confounding.

We acknowledge several limitations. First, light exposure was
measured for only one week, which may not fully capture long-
term habitual exposure patterns. Any measurement error arising
from this short assessment window is likely non-differential with
respect to the outcomes and would therefore tend to attenuate
the observed associations toward the null. Furthermore, within-
person patterns of light exposure have been shown to remain rela-
tively stable over several years in a subsample of the UK Biobank,
supporting the representativeness of the 7-day measurement for
characterizing habitual exposure.?® Second, although the circadian
system responds to a broad range of wavelengths, it is susceptible
to short-wavelength blue light.®? Because the Axivity devices used
in the UK Biobank did not record spectral composition, we were
unable to quantify melanopic equivalent daylight illuminance.®?
Third, we were unable to account for interindividual variability in
light sensitivity in this large-scale population study.®® Fourth, al-
though consistent associations were observed for both subclinical
cardiac structure and function and clinical CVD endpoints, causal-
ity cannot be established due to the observational design of this
study. For instance, nighttime light exposure may correlate with

other urban environmental factors, such as nighttime temperature
or other built-environment characteristics, which were not directly
measured in the present study. In addition, the mediation analyses
assume no unmeasured confounding of the sleep-cardiac pheno-
type relationship, which cannot be verified in observational studies,
and violation of this assumption may bias the estimated proportion
mediated. Fifth, although CMR was acquired ~3 years after the ac-
celerometer wearing period, we cannot exclude the possibility that
some participants with unfavourable CMR phenotypes at follow-
up already had subclinical adverse cardiac remodelling at the
time of accelerometer assessment, given that structural and func-
tional cardiac changes typically develop over years. Several consid-
erations, however, mitigate, though do not eliminate, reverse
causation as a primary explanation for our findings. First, partici-
pants with prevalent CVD were excluded at baseline, reducing
the likelihood that pre-existing clinical cardiac conditions influ-
enced nighttime light exposure patterns (e.g. through sleep distur-
bances or nocturia). Second, the primary results remained robust
after excluding participants whose CMR scans were acquired with-
in 2 years after baseline. Third, among 951 participants whose
CMR was acquired prior to accelerometer assessment, no pre-
baseline CMR phenotype was significantly associated with subse-
quent baseline nighttime light exposure after FDR adjustment, ar-
guing against reverse causation as a primary driver of the observed
associations. For the incident CVD outcome analyses, the pro-
spective design with up to 10 years of follow-up provides addition-
al protection against reverse causation. Finally, because the UK
Biobank cohort is predominantly White and generally healthier
than the general population, the generalizability of our findings
to more diverse racial/ethnic groups or socioeconomically disad-
vantaged populations may be limited. In addition, shift workers
were excluded from the primary analyses because circadian phase
estimation using the L5 method may be unreliable in this group,
which may further limit applicability to populations with irregular
work schedules.

In conclusion, our study suggests that greater nighttime light
exposure is linearly associated with adverse cardiac remodelling
and subclinical functional decline across multiple chambers, with
most associations likely in part statistically mediated by shorter
sleep duration. Our findings provide mechanistic insights into
how light at night may translate into increased CVD risk and
underscore the importance of maintaining dark nights and ad-
equate sleep for cardiovascular health.
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