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pandemic and the influence of daily sunlight on this association.
Methods: This cross-sectional, population-based study among adults stratified by multistage probability clus-
ter sampling was conducted from October to December 2020 in the Iron Quadrangle region of Brazil. The out-
come was sleep quality, evaluated by the Pittsburgh Sleep Quality Index. Vitamin D (25-hydroxyvitamin D)
concentrations were determined by indirect electrochemiluminescence and a deficiency was classified as 25
(OH)D < 20 ng/mL. To assess sunlight, the average daily sunlight exposure was calculated and was classified
as insufficient when less than 30 min/d. Multivariate logistic analysis was used to estimate the association
between vitamin D and sleep quality. A directed acyclic graph was used to select minimal and sufficient sets
of adjustment variables for confounding from the backdoor criterion.
Results: In a total of 1709 individuals evaluated, the prevalence of vitamin D deficiency was 19.8% (95% ClI,
15.5-24.9%), and the prevalence of poor sleep quality was 52.5% (95% CI, 48.6—56.4%). In multivariate analy-
sis, vitamin D was not associated with poor sleep quality in individuals with sufficient sunlight. Moreover, in
individuals with insufficient sunlight, vitamin D deficiency was associated with poor sleep quality (odds ratio
[OR], 2.02; 95% CI, 1.10—3.71). Furthermore, each 1-ng/mL increase in vitamin D levels reduced the chance of
poor sleep quality by 4.2% (OR, 0.96; 95% CI, 0.92—-0.99).
Conclusions: Vitamin D deficiency was associated with poor sleep quality in individuals with insufficient
exposure to sunlight.

© 2023 Elsevier Inc. All rights reserved.
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Poor sleep quality is a severe public health problem in most
countries, affecting 10-30% of the general population [1] and more
than 50% of the elderly [2]. Epidemiological studies related to sleep
have gained scientific notoriety since its effect on health and dis-
ease has been reported. About one-third of the general population
has symptoms of insomnia [3], and poor sleep quality is associated
with adverse health effects, including cerebrovascular diseases,
cardiovascular diseases, hypertension, obesity, and diabetes [4].
Furthermore, sleep-related problems have been propagated on a
large scale in modern society. The substantial increase in exposure
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to electronic devices has worsened sleep quality, making it a wide-
spread public health implication and concern [4].

A recent factor that extensively affected the quality of sleep in
the population was the COVID-19 pandemic [5], which greatly
affected the population’s daily life physically, economically,
socially, and mentally. The confinement to home had mainly emo-
tional effects, accompanied by fears of an imminent infection with
a potentially fatal disease, concerns about one’s economic well-
being, experiencing unemployment, the insecurity of a lack of sup-
plies, and the exacerbation of uncomfortable information by the
media [6,7]. In this chaotic scenario, there has been a worsening in
the occurrence of posttraumatic stress symptom predictors such as
depression, anxiety, panic syndrome, negative mood impairments,
cognition, and acute stress disorder [7]. These episodes of physio-
logical hyperexcitation in the neural pathways experienced by the
population during confinement promoted a deterioration in men-
tal health and have been reported in several studies [6-8]. The
great effects of the pandemic on mental health contribute to com-
promised sleep quality [6,8,9]. Furthermore, measures to reduce
the movement of people in public and private collective spaces can
decrease the intensity of zeitgebers (environmental cues), both
photic (light) and non-photic (physical activity, social interactions,
working hours, studying, and eating), all of which help regulate
the circadian cycle [10]. Non-photic social zeitgebers, such as work
and school during the day, contribute to preventing delays in
sleep—wake phase rhythms. However, some people were confined
because of the pandemic-related lockdown of COVID-19, disrupt-
ing their sleep—wake rhythms owing to the loss of zeitgebers, both
photic and non-photic [11].

Even in the context of flexible social distancing and the use of
personal protective equipment (such as masks), individuals were
feeling insecure and avoided leaving their homes, when possible,
which may have reduced their daily sunlight exposure [12]. Expo-
sure to natural light, especially in the morning, is one of the main
factors regulating the circadian cycle and inducing more profound
and restorative sleep [13]. In addition, cutaneous production of
vitamin D from exposure to sunlight is the main source of vitamin
D, supplying about 90% of the daily demand [14].

Vitamin D has many characteristics, mainly regulating osteo-
mineral physiology, especially calcium metabolism [15]. However,
current evidence shows that the pleiotropic effects of vitamin D
and its metabolites extend beyond bone-mineral metabolism and
parathyroid gland activity, with effects linked to other potential
areas, mainly sleep-related [16,17]. The causal mechanisms of the
association between vitamin D and sleep quality are still unclear.
Still, hypotheses for this association may be explained by the intra-
cellular distribution of vitamin D receptors in areas of the brain
that regulate the sleep—wake cycle or by proinflammatory
mediators [18,19]. Experimental studies have shown that
sleep-regulatory substances are inversely related to vitamin D
levels [20]. In addition, vitamin D is also involved in the pro-
duction of melatonin, an essential hormone in the regulation of
circadian rhythms and sleep [19]. However, most studies that
proposed such an investigation were conducted with specific
populations, such as school-aged children [21], older individu-
als [22], and some occupational groups [23,24], with few stud-
ies evaluating the association of poor sleep quality in the
general population, mainly during the COVID-19 pandemic.
Furthermore, the influence of important determinants of the
sleep—wake cycle, such as sunlight, the main synchronizer of
the circadian cycle, remains to be elucidated [25].

Therefore, this study aimed to evaluate the association of vita-
min D deficiency with sleep quality and the influence of daily sun-
light on this association.

Methods
Study design

This is a cross-sectional, population-based cross-sectional sur-
vey by stratified, multistage probability cluster sampling, con-
ducted between October and December 2020 in two medium-
sized cities (Ouro Preto and Mariana) in the south-central region of
Minas Gerais, known as Iron Quadrangle, one of the largest iron
ore producing areas in Brazil [21].

The conglomerate carried out the sample design in three
stages: census sector, household, and resident. This design was
based on large national household surveys such as the National
Household Sample Survey [26], Family Budget Survey (POF)
[27], and Saude em Beaga survey [28], and more recently, the
EPICOVID19 study [29]. Therefore, in the study design, the cen-
sus sectors were considered as primary sampling units, selected
with probability proportional to the number of households,
using as a measure of size the number of households, obtained
from the synopsis of the 2010 census of population [30]. Before
choosing the primary units, prior stratification was performed,
considering the average income according to data from the
2010 demographic census of the Brazilian Institute of Geogra-
phy and Statistics (IBGE), to avoid the risk of drawing a sample
from non-representative sectors. Therefore, the representative-
ness of the different socioeconomic strata (<1 minimum wage,
1 to 3 minimum wages, and >4 minimum wages) was guaran-
teed in the final sample.

The secondary sampling units were the households, selected
systematically using the updated listing of existing household units
in the primary sampling units (selected census sectors). The house-
hold units are formed by private households with residents. After
the selection of the census sectors, the household selection interval
(k) was calculated for the systematic sampling according to the for-
mula k = Ni [ (xi/ni), where Ni is the total number of households in
the census sector, xi is the sample size, and ni is the number of
households to be selected in the census sector. In this way, a pro-
portional number of homes per sector was obtained, covering the
entire geographical area. The first household of the census sector
was selected according to IBGE indications, and subsequently, the
systematic sampling of the next household was done according to
the household selection interval (k).

The tertiary sampling units were the individuals, selected from
a simple random sampling. In the selected household, a list of all
adult residents was made, and a simple random drawing of one
resident to participate in the research was carried out. Based on
the sample calculation, the minimum sample size was 1464 indi-
viduals. During the data collection process, we evaluated 1762
individuals; 25-hydroxyvitamin D was not analyzed in 53 owing to
insufficient blood samples. Therefore, for this study, 1709 individu-
als were included, representing adult residents in the urban areas
of the two cities. Face-to-face interviews were conducted in the
residents’ homes; interviewers used an electronic form and
adopted national protocols to contain the spread of the coronavi-
rus, such as the use of personal protective equipment. The ques-
tionnaire was subdivided according to sociodemographic and
economic aspects, living habits, general health conditions, and
quality of sleep. All procedures were performed according to the
Brazilian guidelines and the Declaration of Helsinki standards for
research involving human beings and were approved by the
research ethics committee (Ethics Submission Certificate no.
32815620.0.1001.5149). This study followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines.
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Outcome variable: Sleep quality

Sleep quality was evaluated by the Pittsburgh Sleep Quality
Index (PSQI) [31]. The Brazilian version of the PSQI had an overall
reliability coefficient (Cronbach’s o) of 0.82, indicating a high
degree of internal consistency [32]. This instrument is composed of
19 questions categorized into seven components, each with a pos-
sible score of 0 to 3: subjective sleep quality, sleep latency, sleep
duration, habitual sleep efficiency, sleep disturbances, sleep medi-
cation use, and daytime dysfunction. The sum of the scores produ-
ces an overall score, ranging from O to 21, where higher scores
indicate poorer sleep quality [31]. In this study, sleep quality was
classified as good when the PSQI score was less than 5 and as poor
when the PSQI was 5 or greater [31,32].

Exposure variable: Vitamin D

Blood collection was performed by a trained professional by
puncture in the region of the cubital fossa, with the participant
seated and the arm supported on a table. A 7.5-mL S-monovette
serum gel tube (SARSTEDT) was used for the collection. Subse-
quently, the samples were verified, stored in a cool box, and trans-
ported to the Laboratory of Epidemiology of the School of
Medicine at the Federal University of Ouro Preto for processing
and storage. In the laboratory, the serum tubes were centrifuged at
2500 rpm for 15 min; aliquots were prepared and stored in a
freezer at —80°C for posterior analysis.

Vitamin D was determined by indirect electrochemilumines-
cence with competition principle in the Access 2 Immunoassay
System (Beckman Coulter, USA) with a Roche Diagnostics commer-
cial kit (Roche, Switzerland). For intralaboratory analysis, the coef-
ficient of variation of the method ranges from 6.1% to 7.5%, and the
correlation coefficient with high performance liquid chromatogra-
phy tandem mass spectrometry (LC-MS/M) was 0.92 (data pro-
vided by the manufacturer). Furthermore, in previous studies, this
method was performed against LC-S/MS [33], and LC-MS/MS in
turn was standardized against the National Institute of Standards
and Technology (NIST) standard [34]. To describe vitamin D levels,
the cutoff points of 10, 20, and 30 ng/mL were used. Additionally,
vitamin D concentrations were classified according to the Institute
of Medicine as deficient when 25(0OH)D was <20 ng/mL and suffi-
cient when 25(OH)D was >20 ng/mL [35].

Stratification variable: Sunlight

Exposure to sunlight daily was assessed quantitatively from the
following questions: “From Monday to Sunday, how many times a
week and for how long are you exposed to the sun?” Subsequently,
the average daily sunlight exposure was calculated from the fol-
lowing formula: [(weekly frequency of sunlight [0 to 7
days]) x (daily time of sunlight [min])] / 7. The value obtained was
classified according to the National Heart, Lung, and Blood Institute
(NHLBI), which suggests that daylight is critical for regulating daily
sleep patterns and that individuals should be exposed to natural
sunlight for at least 30 min each day. Therefore, we classified expo-
sure as “insufficient” when less than 30 min/d of sunlight and “suf-
ficient” when 30 min/d or more [36].

Covariates

The questionnaire included variables for possible confounding
controls in the association between vitamin D and sleep quality
analysis. The sociodemographic and economic variables evaluated
were seX (female or male), age group (18-34y, 35-59 y, or >60 y),

marital status (single or married), living status (living alone or not
living alone), current family income (<2 minimum wages, >2 to
<4 minimum wages, or >4 minimum wages), educational level
(<8y,9-11y, or >12 y of study), employment status during the
pandemic (employed or not employed), and work-from-home
schedule (percentage of active workers who were working at
home). Self-reported race or skin color was evaluated using the
categories proposed by the IBGE [37]. The participants were cate-
gorized as White, Black, Brown, and other races or skin colors
(Indigenous or Asian).

Health conditions evaluated were self-reported chronic diseases
(hypertension, diabetes, asthma, lung disease, chronic kidney disease,
cancer, and heart or thyroid disease), which were dichotomized into
morbidity (at least one disease) and without morbidity (no disease),
and self-reported chronic physical pain (physical pain present for 3
mo or more). Furthermore, the following lifestyle variables were
assessed: current smoking (yes or no), current alcohol drinking (yes
or no), and physical activity per week (at least 150—300 min of mod-
erate-intensity aerobic physical activity, at least 75—150 min of vigor-
ous-intensity aerobic physical activity, or inactivity, when the
recommendations were not reached) [38]. Nutritional status was
evaluated by body mass index, calculated from self-reported height
(m) and weight (kg) and classified as underweight (<18.5 kg/m? if
aged <60 y and < 23.0 kg/m? if aged >60 y), eutrophic (18.5—24.9
kg/m? if aged <60 years and 23.0—28.0 kg/m? if aged >60 years), or
overweight (>25.0 kg/m? if aged <60 y and >28.0 kg/m? if aged >60
y), according to the World Health Organization (WHO) and Pan
American Health Organization (PAHO) for adults and elderly individ-
uals, respectively [39,40]. The anxiety and depression symptoms
were evaluated by the seven-item Generalized Anxiety Disorder scale
and Patient Health Questionnaire—9 scale, respectively. For both
scales, scores equal to or above 10 were considered to determine the
presence of anxiety and depression symptoms, respectively [41,42].
Moreover, we evaluated whether individuals used any vitamin D or
mineral-fortified dietary supplements by self-report using the follow-
ing questions: “In the past three months, have you used a vitamin-
based dietary supplement, such as vitamin D or cholecalciferol or cod
oil supplementation?” and “In the past three months, have you used
any mineral supplements, such as multivitamins or minerals?”
Responses were classified as yes or no.

Statistical analysis

The sample weight was calculated to adjust the natural weights
of the design and/or to correct problems caused by the absence or
refusal to answer, assigning different weights to the sample ele-
ments, corresponding to the inverse of the product from the proba-
bilities included in the various selection stages [43]. When
calculating the sample weights, we considered the probabilities of
inclusion of the sample elements in the three stages: 1) probability
of the census sector being randomized, 2) probability of the house-
hold being randomized, and 3) probability of the individual older
than 18 y being randomized. The adjustment was applied to com-
pensate for the non-response loss of interviews and calibration for
the sample weight for the population totals by sex and age group
to be consistent with the 2019 population projections.

Furthermore, a theoretical causality model based on a directed
acyclic graph (DAG) was developed according to the exposure vari-
able (vitamin D), outcome (sleep quality), stratification (sunlight),
and covariates, using the online software DAGitty, version 3.2.
Causal connections (represented by arrows) were established
between variables (Fig. 1). Each variable in the DAG is represented
by a rectangle, and the colors have different meanings: green is the
exposure variable, and blue circled by black is the response
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Fig. 1. Influence of sunlight on the association between 25-hydroxyvitamin D status and sleep quality in adults.

variable. Variables considered as potential confounders were
included: in blue are the antecedents of the outcome variable, and
those in red are the antecedents of the outcome and exposure vari-
ables. To avoid unnecessary adjustment, spurious associations, and

estimation errors, the backdoor criterion was used to select a mini-
mum set of confounding variables to fit the analyses [44]. The
model was adjusted by the following minimum and sufficient set
of variables: age (continuous variable), sex (male or female), skin
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Fig. 2. Distribution of 25-hydroxyvitamin D levels (ng/mL) and exposure to sunlight (min/day) in adults during the covid-19 pandemic.
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color (White; Black; Brown or others race/skin colors—Indigenous
and Asian), education (0— 8 y,9-11y, or >12 y), employment sta-
tus (not workers or active workers), alcohol consumption (no or
yes), body mass index (continuous variable [kg/m?]), presence of
chronic diseases (no or yes), mental health (presence of anxiety or
depression symptoms), physical activity (physically active or phys-
ically inactive), exposure to sunlight (continuous variable, min/d),
and vitamin D supplementation (no or yes). The variance inflation
factor assessed collinearity between covariates with the “subsetBy-
VIF” package, considering a maximum cutoff point of 10 (VIF <10)
[45,46]. Furthermore, the Hosmer—Lemeshow test and Akaike
information criterion were used to assess the goodness-of-fit of
the models.

Unadjusted and adjusted logistic regressions were performed
for the variables indicated by the DAG. Categorical variables were
described as relative frequencies and 95% confidence intervals
(CIs), and continuous variables were described as means and 95%
CIs. All statistical analyses were performed considering the study
design and sampling weighting factors using the “svy” package of
Stata software, version 15.0. The significance level was set at 0.05.

Results
Characteristics of study participants

Among the 1709 individuals evaluated, the mean concentration
of vitamin D was 26.2 ng/mL (95% CI, 25.2—27.1 ng/mL), with mini-
mum and maximum values of 1.0 and 58.1 ng/mL, respectively.
The prevalence of individuals with vitamin D values <10 ng/mL
was 2.1% (95% CI, 1.4-3.1%), from 10 to 19.9 ng/mL was 17.8% (95%
Cl, 13.7-22.8%), from 20 to 29.9 ng/mL was 51.6% (95% CI,
46.3-56.9%) and >30 ng/mL was 28.5% (95% CI, 23.8—33.7%) (Fig.
2). Considering the classification of <20 ng/mL, 19.8% (95% CI,
15.5-24.9%) of the individuals had vitamin D deficiency. Poor sleep
quality was observed in 52.5% of the sample (95% CI, 48.6—56.4%).
Vitamin D deficiency was related to age (P < 0.001), education
(P =0.003), working status (P = 0.006), chronic disease (P = 0.004),
alcohol consumption (P = 0.012), nutritional status (P = 0.018),
physical activity (P = 0.002), anxiety symptoms (P = 0.005), depres-
sion symptoms (P = 0.024), vitamin D supplementation (P <
0.001), and exposure to sunlight (P = 0.045) (Table 1).

Vitamin D and sleep quality

The mean total PSQI score of all participants was 6.33 (95% CI,
6.03—6.62). Individuals in the vitamin D sufficiency group showed
a lower mean PSQI score (6.19; 95% CI, 5.90—6.47) when compared
with individuals with vitamin D deficiency (7.02; 95% CI,
6.18-7.86) (P = 0.039). Regarding the PSQI components, individu-
als with vitamin D deficiency had poor subjective sleep quality
(P = 0.004) and shorter sleep duration (P = 0.022). No significant
differences in mean scores were found for the other categories of
sleep latency, sleep efficiency, sleep disturbances, use of sleep
medication, and daytime dysfunction (Table 2).

Evaluating the association of vitamin D with sleep quality, we
found no association between vitamin D and sleep quality. When
evaluating the model adjusted for confounding variables and strat-
ified by sunlight exposure, we found that in individuals with suffi-
cient exposure to sunlight, vitamin D was not associated with poor
sleep quality. However, in individuals with insufficient sunlight
exposure, vitamin D deficiency was associated with poor sleep
(odds ratio [OR], 2.02; 95% CI, 1.10—3.71). Furthermore, each 1-ng/
mL increase in vitamin D levels reduced the chance of having poor
sleep quality by 4.2% (OR, 0.96; 95% CI, 0.92—0.99) (Table 3).

Discussion

To our knowledge, this is the first population-based study to
examine the association between vitamin D and sleep quality in
adults stratified by sunlight exposure. Our findings showed that
vitamin D deficiency was only associated with poor sleep quality
in individuals with insufficient sunlight exposure.

Impaired sleep quality and disturbances are relevant to health
because alterations in sleep physiology are risk factors for obesity,
hypertension, metabolic syndrome, metabolic changes, immune
function, mental health, poor quality of life, and all-cause mortality
[47]. Furthermore, poor sleep can severely affect social and work-
related daytime performance and increases the risk of occupational
and automobile accidents [48]. Therefore, the evaluation of sleep
quality and factors that can alter it, such as vitamin D deficiency
and sunlight exposure, is of great relevance for epidemiological
and clinical research studies to quickly and accurately assess sleep
disorders and impairments.

Two main axes, the homeostatic control of sleep and the circa-
dian cycle system, regulate sleep. The circadian cycle system is
controlled by an internal biological clock connected to a master
clock called the circadian pacemaker, capable of controlling several
physiological processes; the sleep—wake cycle is one of the most
important [49]. This cycle is regulated by internal and external syn-
chronizers, also called cues or zeitgebers. The main external syn-
chronizer of circadian rhythms is light; when captured by
photoreceptor cells in the retina, specifically melanopsin, it trans-
mits luminous information via the optic nerve to the brain’s main
biological clock, the suprachiasmatic nucleus. From there, the
impulses target various brain regions, including the pineal gland,
which respond to light-induced stimuli to adjust circadian rhythms
to the environmental light, regulating the rhythms of sleep and
wakefulness using the hormones melatonin and cortisol [36,50]. In
this way, our circadian rhythm aligns the sleep-wake cycle with
day and night to create a stable cycle of restorative rest [51,52].
The way light alters the circadian rhythm depends on the intensity
of the light and the exposure time. A higher luminance, measured
in lux, increases the delay in the circadian rhythm. During the day,
outdoor light intensities can reach illuminances of up to 100 000
lux in direct sunlight and 25 000 lux in full daylight. Light intensi-
ties in indoor rooms are considerably lower, and standard office
lighting is only approximately 100 to 500 lux [53]. For this reason,
the daytime sunlight source has a profound influence on the circa-
dian rhythm and is indispensable for a good night's sleep [25].
Therefore, given that sunlight drives both vitamin D synthesis [14]
and circadian rhythms [51], vitamin D may be involved in the
transduction of light signals that regulate circadian rhythms [54].

Few population-based studies have evaluated the association
between vitamin D levels and sleep. However, studies with these
methods show similar results to our findings [22,55]. Dogan-
Sander et al. [55] evaluated a subset of participants (n = 1045) from
the LIFE-Adult-Study, a population-based study of 10 000 partici-
pants (18 to 79 y old), recruited between August 2011 and Novem-
ber 2014 in Leipzig, Germany. In this study, sleep was assessed
objectively by actigraphic assessments and also subjectively by
questionnaires of sleep quality (PSQI) and daytime sleepiness (the
Epworth Sleepiness Scale). Multivariate models, adjusted for vari-
ous confounding factors such as the influence of season, revealed
significant associations of serum 25(0OH)D concentration with the
duration of nighttime sleep and the time of midsleep, assessed
objectively. However, serum 25(0OH)D concentration showed no
significant association with subjective sleep quality and daytime
sleepiness [55].
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Table 1
Sociodemographic and health conditions in adults during the COVID-19 pandemic
Characteristics Total, % (95% CI) Pvalue*
Sufficiency, % (95% CI) Deficiency, % (95% CI)

Total 80.2 (75.1-84.5) 19.8 (15.5-24.9)

Sociodemographic

Sex
Male 48.1 (41.0-55.2) 47.9(39.3-56.6) 473 (42.3-62.8) 0.933
Female 51.9 (44.7-59.0) 52.1(43.4-60.7) 52.7 (42.3-62.8)

Age,y

Mean (95%CI) 43.8(42.5-45.2) 40.2 (38.8—-41.6) 52.4(49.6-55.2) < 0.001
18-34 35.6(31.1-40.3) 35.0(30.0-40.2) 22.3(14.2-33.3) 0.001
35-59 45.6 (41.1-50.2) 46.5 (41.4-51.7) 35.6 (28.1-44.0)
>60 18.8(15.5-22.7) 18.5(14.8-23.0) 42.1(35.0-49.4)

Skin color
White 25.6 (20.8—31.2) 23.9(18.7-30.0) 33.6 (22.2-47.3) 0.163
Black 20.8(16.0-26.4) 202 (14.7-27.1) 20.6 (15.1-27.5)
Brown 47.9(41.5-54.4) 49.5(41.7-57.4) 43 2(32.6-54.5)
Others 5.7 (4.1-7.8) 6.4(4.4-9.1) 6(1.4-4.4)

Marital status
Married 53.2(47.2-59.2) 53.0 (45.8—-60.0) 56.5 (44.4-67.9) 0.604
Not married 46.8 (40.8—-52.8) 47.0 (40.0-54.2) 43.5(32.1-55.6)

Education, y
0-8 31.2(26.7-36.0) 29.7 (24.8-35.2) 33.6(26.0-42.1) 0.003
9-11 39.7(35.6-43.9) 40.3 (36.2—-44.4) 37.6(26.6-50.0)
>12 29.1(23.8-35.1) 30.0 (24.1-36.7) 28.9(20.5-38.9)

Family income *
<2 MW 41.1(35.6-46.8) 45.6 (40.1-51.1) 43.0(32.9-53.6) 0.867
>2to <4 MW 32.0(26.9-37.5) 28.0(22.2-34.7) 34.9(26.7-44.1)
>4 MW 26.9(22.0-32.5) 26.4(20.9-32.8) 22.1(16.4-29.2)

Work status |
Not working 47.5(42.7-52.3) 45.6 (42.7-53.4) 57.0 (49.2-64.5) 0.006
Actively working 52.5(47.7-57.3) 54.4(45.6-62.9) 43.0(35.5-50.8)

Working from home
No 79.7 (75.0-83.7) 79.0 (74.0-83.3) 80.6 (72.0-87.0) 0.681
Yes 20.3(16.2-25.0) 21.0(16.7-26.0) 19.4(13.0-27.9)

City
Mariana 42.4(30.2-55.7) 39.1(26.4-54.3) 45.0 (32.4-58.3) 0.202
Ouro Preto 57.6 (44.3-69.8) 60.9 (45.7-73.6) 55.0 (41.7-67.6)

Health conditions

Sleep quality *
Good 52.5(48.6-56.4) 47.6 (43.5-51.6) 43.6 (31.6-56.5) 0.563
Poor 47.5(43.6-51.4) 52.4 (48.4-56.5) 56.4 (43.5-68.4)

Chronic diseases **
No 60.3 (54.4-65.8) 51.4(43.7-59.1) 33.2(25.2-42.3) 0.004
Yes 39.7 (34.2—-45.5) 48.6 (40.9-56.3) 66.8 (57.7—-74.8)

Chronic pain
No 65.7 (61.4-69.7) 65.4 (60.3-70.2) 63.8 (54.7-71.9) 0.731
Yes 34.3(30.3-38.6) 34.6 (29.8—39.7) 36.2 (28.1-45.3)

Smoking
No 83.0(78.6-86.7) 84.3(79.7-88.9) 76.7 (68.6—86.0) 0.227
Yes 17.0(13.3-21.4) 15.6(11.1-20.3) 23.3(14.0-314)

Alcohol consumption
No 41.8(36.0-47.9) 39.2(29.5-43.9) 51.8 (42.6—-60.9) 0.012
Yes 58.2(52.1-64.0) 60.8 (56.1-70.5) 48.2(39.1-57.4)

Nutritional status '
BMI, kg/m? 26.7(26.2-27.1) 26.2(25.7-26.7) 27.6(26.6—28.5) 0.018
Eutrophic 41.0 (34.7-47.5) 43 0(34.1-52.5) 39 9(30.4-50.3) 0.023
Underweight 2.9(2.0-4.1) 7(1.1-2.6) 2(2.5-6.8)
Overweight 36.9(29.5-44.9) 40 2(29.7-51.7) 28 5(22.4-35.4)
Obesity 19.2 (15.9-23.0) 15.1(11.6-19.5) 27.4(20.1-36.1)

Physical activity ’
Physically active 30.8 (26.2—35.8) 31.9(25.8—39.0) 23.5(19.3-37.1) 0.002
Physically inactive 69.2 (64.2-73.7) 68.1(61.0-74.2) 76.5 (62.9-80.6)

Mental health *
Anxiety symptoms 23.4(19.5-27.7) 18.9(14.0-25.0) 31.6 (25.3—-38.6) 0.005
Depression symptoms 15.8 (12.7-19.4) 12.4(9.0-16.9) 22.0(15.7-29.9) 0.024

Vitamin D supplementation
No 93.8(91.8-95.3) 92.5(90.0-94.4) 97.8(95.9-98.8) < 0.001
Yes 6.2 (4.7-8.2) 7.5 (5.6—10.0) 2.2(1.2-4.1)

Multivitamins or minerals supplementation
No 92.7 (90.4-94.6) 92.0(88.9-94.3) 94.1(89.9-96.6) 0.355
Yes 7.3(5.4-9.6) 8.0(5.7-11.1) 5.9(3.4-10.0)

(continued)
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Table 1 (Continued)

Characteristics Total, % (95% CI) Vitamin D Pvalue*
Sufficiency, % (95% CI) Deficiency, % (95% CI)
Exposure to sunlight I
Sufficient 64.9 (59.0-70.4) 66.5 (59.1-71.8) 61.6 (50.7-71.2) 0.045

Insufficient 35.1(29.6-41.0)

33.5(28.2-40.9) 38.6(28.8-49.3)

BMI, body mass index; MW, minimum wage

Vitamin D concentrations were classified according to the Institute of Medicine as deficient when 25(0OH)D <20 ng/mL and sufficient when 25(0H)D >20 ng/mL

*Pearson X test.

fOther race or skin color included Indigenous and Asian.

fNot married included widowed, divorced, or single.

YMinimum wage value: BRL 1,045.00 ~ USD 194.25 (1 USD = 5.3797 BRL).
INot working included unemployed, pensioner, or retiree.

9Active workers who were working at home.

*#Poor sleep quality was determined by Pittsburgh Sleep Quality Index > 5.

**Chronic diseases were assessed by self-report and included hypertension, diabetes, asthma, lung disease, chronic kidney disease, cancer, and heart or thyroid disease.
ffUnderweight (BMI <18.5 kg/m? if aged <60 y or BMI <22.0 kg/m? if aged >60 y), eutrophic (BMI 18.5—24.9 kg/m? if aged <60 y or BMI 22.0—27.9 kg/m? if aged >60 y),
overweight (BMI 25.0—29.9 kg/m? if aged <60 y or BMI 28.0—29.9 kg/m? if aged >60 y), or obese (BMI >30.0 kg/m?).

#Physically inactive (<150 min/wk of moderate physical activity or <75 min/wk of vigorous activity).

%The seven-item Generalized Anxiety Disorder and Patient Health Questionnaire—9 scales were used to determining the presence of anxiety and depression symptoms,

respectively.
M nsufficient exposure to sunlight (<30 min/d) and sufficient (>30 min/d).

Recent studies of objective measurement [56,57], self-report
[22,58,59], and systematic and meta-analytic analysis
[16,20,60,61] of sleep have shown that lower vitamin D levels are
associated with short sleep duration in adults, elderly individuals,
and school-aged children [19,21,23,24,62—66]. A key point of dis-
cussion is that we found in the present study that vitamin D was
associated with sleep quality only in individuals with low sunlight
exposure. These results are corroborated by Choi et al., who found
an association of lower 25(0OH)D values with changes in sleep
duration only in individuals with low sunlight exposure [67]. The
same was observed in previous studies of mine workers in the
same region as this study; when sleep was assessed by the gold
standard method, polysomnography, workers with vitamin D defi-
ciency were more likely to have a higher chance of obstructive
sleep apnea, lower sleep efficiency—increased microarousal index,
and lower arterial oxygen saturation [23,24]. However, in alternat-
ing shift workers, vitamin D was associated with sleep impair-
ments independently of sunlight exposure. One hypothesis is that
this population is characterized as a low-sunlight-exposure group,
owing to occupational characteristics. Therefore, these workers
had routines similar to confinement during the COVID-19 pan-
demic, because they were off-road truck drivers and spent most
days in machinery with inaccessibility to sunlight, supporting our
findings that vitamin D is associated with sleep quality only in indi-
viduals who are not adequately exposed to the sun. This may be
related in part to the effect of natural light on the synchronization

of the circadian cycle, and consequently, sleep. Thus, vitamin D
deficiency in sun-exposed individuals does not directly interfere
with the sleep—wake cycle. However, in individuals who do not
have adequate sunlight habits, vitamin D deficiency becomes a rel-
evant factor for poor sleep quality.

The association of vitamin D levels with sleep disorders is
recent in the literature, and the main predictors of this relationship
are not yet known. Experimental studies show that the sleep regu-
latory substances—tumor necrosis factor a (TNF-a), interleukin 6
(IL-6), and interleukin 1 (IL-1)—show inverse relationships with 25
(OH)D [18,68]. A possible justification would be that individuals
with higher degrees of systemic inflammation (such as obese indi-
viduals) probably behave in a way that promotes low vitamin D
synthesis (avoiding sunlight, for example). However, Kuo et al.
found that 25(OH)D inhibited tumor necrosis factor a production
in macrophages after lipopolysaccharide stimulation, suggesting
that these were causal, not spurious, relationships [69]. Further-
more, vitamin D can negatively regulate cyclooxygenase-2, an
enzyme that controls the rate of production of prostaglandin D2,
an important regulator of the sleep—wake cycle, implying that
vitamin D deficiency may result in an increase in circulating pros-
taglandin D2, contributing to the occurrence of sleep disturbances
[70].

Furthermore, in our study, we found that the group of individu-
als deficient in vitamin D had significantly more anxiety and
depression. These results are corroborated by other studies, in

Table 2

Differences in overall PSQI score and scores for each item according to vitamin D level
Variable Mean (95% CI) Vitamin D

Sufficiency Mean (95% CI) Deficiency Mean (95% CI) Pvalue *

PSQI total score 6.33(6.03-6.62) 6.19 (5.90-6.47) 7.02 (6.18-7.86) 0.039
Subjective sleep quality 1.04(0.97-1.10) 1.00 (0.93-1.07) 1.20(1.08-1.32) 0.004
Sleep latency 1.48(1.39-1.57) 1.50(1.39-1.61) 1.43(1.27-1.59) 0.458
Sleep duration 0.80(0.70—-0.89) 0.76 (0.67—-0.85) 1.00 (0.69-1.32) 0.022
Sleep efficiency 0.72 (0.64—0.80) 0.71 (0.62-0.79) 0.79 (0.55—1.03) 0.517
Sleep disturbances 1.35(1.30-1.41) 1.33(1.27-1.39) 1.45(1.31-1.59) 0.105
Use of sleep medication 0.31(0.24-0.38) 0.27 (0.20-0.35) 0.42(0.27-0.57) 0.086
Daytime dysfunction 0.62 (0.56—0.69) 0.61 (0.54—-0.69) 0.72 (0.55—-0.89) 0.177

PSQ], Pittsburgh Sleep Quality Index.

Vitamin D concentrations were classified according to the Institute of Medicine as deficient when 25(0OH)D < 20 ng/mL and sufficient when 25(0OH)D > 20 ng/mL.

*Comparisons made using the Student ¢ test.
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Table 3
Association between vitamin D and sleep quality during the COVID-19 pandemic

Total Exposure to sunlight '
Unadjusted Adjusted * Sufficient (64.9%) Insufficient (35.1%)
OR 95% CI OR 95% CI OR 95% (I OR 95% (I

Vitamin D

Sufficiency 1.00 1.00 1.00 1.00

Deficiency 1.17 0.68-2.02 1.08 0.63-1.82 0.85 0.43-1.72 2.02 1.10-3.71

AIC 2362.622 2280.924 1261.312 949.934
Continuous value
ng/mL 0.99 0.98-1.01 1.00 0.98-1.03 1.02 0.99-1.06 0.96 0.92-0.99
AIC 2359.420 2190.415 1257.890 950.658

AIC, Akaike information criterion.

The outcome variable evaluated was poor sleep quality (Pittsburgh Sleep Quality Index >5); vitamin D concentrations were classified according to the Institute of Medicine as

deficient when 25(0H)D < 20 ng/mL and sufficient when 25(OH)D > 20 ng/mL

*Directed acyclic graph (DAG) was used to support the theoretical model for the adjusted analysis. Adjusted analysis was by the following minimum and sufficient set of vari-
ables: age (continuous variable), sex (male or female), skin color (white, black, brown, or other), education (0 to 8 y,9 to 11y, or >12 y), employment status (not working or
actively working), alcohol consumption (no or yes), body mass index (continuous variable; kg/m?), presence of chronic diseases (no or yes), mental health (presence of anxi-
ety or depression symptoms), physical activity (physically active or physically inactive), exposure to sunlight (continuous variable, min/d), and vitamin D supplementation

(no or yes).

fAnalysis stratified by solar exposure and the minimum and sufficient set of variables is presented.

which vitamin D supplementation >1,600 IU/day reduced anxiety
symptoms [71] and >2,000 IU/day appeared to reduce depressive
symptoms [72]. There are hypotheses for this association that can
be highlighted. Vitamin D’s active form can affect metabolism of
serotonin, increasing serotonin synthesis by inducing the expres-
sion of the tryptophan hydroxylase 2 (TPH2) gene. Low serotonin
levels are also related to depression and anxiety 73], which is one
of the most important factors associated with acute and chronic
sleep deprivation [74]. Indirectly, the regulation of serotonin syn-
thesis may increase the synthesis of melatonin, the main sleep-
inducing hormone [75,76]. Vitamin D may reduce the increase in
neuronal calcium levels, which are known to alter brain function.
In this hypothesis, it is suggested that vitamin D plays a role in
maintaining the expression of calcium bombs and buffers that
reduce their neuronal levels, which may explain how it acts to
reduce the onset of depression [77—79]. Furthermore, vitamin D
also regulates the release of nerve growth factor, a molecule essen-
tial for neuron survival of hippocampal and cortical neurons, which
are essential for mental health and sleep—wake cycle mechanisms
[80].

Moreover, some current evidence shows that vitamin D may
be involved in the regulation of the circadian clock, because
vitamin D receptors have been identified in brain regions that
regulate sleep, including the hypothalamus, prefrontal cortex,
central gray matter of the midbrain, substantia nigra, and raphe
nuclei [81,82]. High concentrations of vitamin D receptors have
been found in structures of the brainstem and the suprachias-
matic nucleus, the “master clock” of the circadian system,
known as pacemaker cells, which play an important role in the
first stage of sleep and its maintenance [83]. Furthermore, a
study by Gutierrez-Monreal et al. demonstrated that the active
form of vitamin D, 1,25(0OH),Ds3, was able to synchronize the
expression of two important genes of the circadian clock in
stem cells, BMALT and PER2 [84]. These authors further sug-
gested that because the circadian rhythm influences many
physiological processes, this may be the key to a better under-
standing of the mechanisms by which 1,25(0H),D3; mediates its
many cellular functions [84].

It should be noted that the control of most of the determinants
of sleep quality involves the implementation of measures that are
difficult to manage because they include the complexity of socio-
economic and psychosocial factors. However, the results of our

study indicate that public policies aimed at improving sleep quality
should also be considered in the context of strategies that involve
behavioral changes. Therefore, we recommend building actions
that target direct exposure to sunlight, except for those individuals
with extraordinary sensitivity, as an effective measure for improv-
ing sleep quality and maintaining adequate serum levels of vitamin
D. In addition, although sun exposure is the main contributor to
the maintenance of serum vitamin D, it is noted, as observed in
this study, that a high prevalence of vitamin D deficiency is a real-
ity even in tropical countries. Therefore, it is necessary to imple-
ment policies and recommendations to achieve adequate intake
and status of vitamin D, such as expanding the incentive for sup-
plementation beyond risk groups such as babies, elderly individu-
als, and pregnant individuals, as well as increasing food
fortification.

Our study has some strengths. To our knowledge, this is the first
population-based study to evaluate the association of vitamin D
with sleep quality in adults during the COVID-19 pandemic. In
addition, the sample design brings robustness to the study: 1) a
representative random sample of the resident population from dif-
ferent socioeconomic strata, 2) assessment by household survey,
and 3) a face-to-face study during the COVID-19 pandemic. Fur-
thermore, the DAG was used to guide analysis plans and decisions
about possible confounders.

However, although our findings provide relevant insights, this
study has limitations in some areas that deserve to be mentioned.
First, the information obtained was self-reported, so the individu-
als’ perception may overestimate and/or underestimate findings
compared with objective measures. However, the evaluation of
sleep quality needs to be done subjectively, since it considers fac-
tors intrinsic to the individuals’ perception of their sleep. The social
construct of race and skin color based on the IBGE classification
when compared with scales for assessing skin color, such as Fitz-
gerald’s, may reduce the flexibility of the respondents’ choices
regarding self-report. However, the IBGE classification is widely
used in national studies [85-88], and in a study conducted by
Travassos et al., it was demonstrated that the self-assessment of
the IBGE, as adopted in our study, represents the same construct of
race and skin color of the assessment scales [89]. A further limita-
tion of the study is the subjective assessment of sun exposure,
since this may imply recall bias. However, it should be noted that
self-reported measures are widely used in epidemiological studies
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[67,90,91], and some studies have shown a good correlation
between objective and subjective measures of sun exposure
assessment [92,93]. Although we adjusted the association models
for potential confounders, our study cannot ignore residual con-
founding. Because of the design of the study, it is impossible to
construct internally homogeneous strata about the real confound-
ing variable. The controlled variable is an imperfect or incomplete
substitute for the real confounding factor (such as psychological
distress, adjusted for anxiety and depression symptoms) or
because other confounding effects in the hypotheses are ignored
or not measured [94]. It is possible that people with psychological
distress exhibit abstinence behavior, performing few activities in
the sun, and thus find themselves grouped in the low-sun-expo-
sure group, when at the same time they also have particularly low
sleep quality owing to their psychological condition. However, it is
important to note that the hypotheses have been carefully defined
according to the current scientific literature and articulated in
counterfactual terms to construct theories that can support the
presumptions of the analyses. In this regard, the incorporation of
directed graphical models is of great importance and provides
robustness to the study [95].

Conclusion

Vitamin D was not associated with poor sleep quality in indi-
viduals with sufficient sunlight exposure. However, in individuals
with low sunlight, we found that low serum vitamin D levels were
associated with poor sleep quality. In modern society, owing to
social, occupational, and cultural issues, opportunities for exposure
to sunlight are inevitably low. Therefore, maintaining an adequate
serum vitamin D level can be important for healthy sleep quality.
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