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A R T I C L E  I N F O   
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Sunlight 

A B S T R A C T   

Objective: Circadian rhythm disruption is commonly observed in bipolar disorder (BD). Daylight is the most 
powerful signal to entrain the human circadian clock system. This exploratory study investigated if solar inso-
lation at the onset location was associated with the polarity of the first episode of BD I. Solar insolation is the 
amount of electromagnetic energy from the Sun striking a surface area of the Earth. 
Methods: Data from 7488 patients with BD I were collected at 75 sites in 42 countries. The first episode occurred at 591 
onset locations in 67 countries at a wide range of latitudes in both hemispheres. Solar insolation values were obtained 
for every onset location, and the ratio of the minimum mean monthly insolation to the maximum mean monthly 
insolation was calculated. This ratio is largest near the equator (with little change in solar insolation over the year), and 
smallest near the poles (where winter insolation is very small compared to summer insolation). This ratio also applies 
to tropical locations which may have a cloudy wet and clear dry season, rather than winter and summer. 
Results: The larger the change in solar insolation throughout the year (smaller the ratio between the minimum 
monthly and maximum monthly values), the greater the likelihood the first episode polarity was depression. 
Other associated variables were being female and increasing percentage of gross domestic product spent on 
country health expenditures. (All coefficients: P ≤ 0.001). 
Conclusion: Increased awareness and research into circadian dysfunction throughout the course of BD is warranted.  
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1. Introduction 

The functions of the circadian clock system are fundamental to 
human health, and disruptions to circadian rhythms contribute to a wide 
range of diseases [1–3]. Alterations in circadian rhythms across the 
lifespan are associated with psychiatric disorders including mood dis-
orders, schizophrenia, anxiety disorders [4–8], and neurodegenerative 
diseases [9,10]. Patients with bipolar disorder (BD) exhibit symptoms of 
circadian disruption, such as sleep disturbances, social rhythm alter-
ations and endocrine abnormalities, and these symptoms may persist 
during remission [11–15]. The consequences of circadian dysfunction in 
BD may both trigger and exacerbate episodes [16,17]. Dysfunction of 
circadian clocks may also contribute to the metabolic comorbidity 
frequently present in patients with psychiatric disorders [18,19]. 

The human circadian clock system is entrained to the Earth’s 24 h 
rotation using signals from the environment, where daylight is the most 
powerful signal [20–23]. Daylight has fundamental and extensive effects 
on the circadian system governing daily human physiology and 
behavior, including alertness, sleep, mood, stress, cognition, and regu-
lation of neuroendocrine, cardiovascular, and metabolic functions 
[20,24–30]. Daylight impacts humans through three main routes: 
vision, skin absorption triggering vitamin D production, and the non- 
visual responses to light in the retina that drive the circadian clock 
system. Solar insolation (incoming solar radiation) is defined as the 
amount of electromagnetic energy from the Sun striking a surface area of 
the Earth [31]. We previously found a strong, inverse relation between 
the maximum monthly increase in solar insolation in springtime and the 
age of onset of BD I [32]. The purpose of this exploratory study was to 
determine if solar insolation was associated with the polarity of the first 
episode of BD I, using a large global sample of patient data. The polarity 
of the first episode affects the time delay to receive a diagnosis of BD 
[33–36], and has clinically relevant prognostic information [37–41]. 

2. Methods 

2.1. Data collection 

Researchers at university medical centers and specialty clinics, as 
well as individual practitioners, obtained data retrospectively using 
direct questioning, record review, or both. All patients included in the 

study had a clinical diagnosis of BD from a psychiatrist according to 
DSM-IV or DSM-5 criteria. Data were collected between 2010 and 2016 
and 2019–2021. Study approval was obtained from local institutional 
review boards, following local requirements. Participants signed the 
informed consent before data analysis for this study was initiated. De-
tails about the project methodology were published previously 
[32,42–44]. 

2.2. Data collection sites 

There were 75 collection sites in 42 countries as shown in Fig. 1. 
Collection sites located in the northern hemisphere were: Aalborg, 
Denmark; Aarhus, Denmark; Ankara, Turkey; Athens, Greece; Bangkok, 
Thailand; Barcelona, Spain; Barhir Dar, Ethiopia; Beer Sheva, Israel; 
Belgrade, Serbia; Bengaluru, India; Cagliari, Sardinia, Italy (2 sites); 
Calgary, Canada; Copenhagen, Denmark; Dresden, Germany; Dublin, 
Ireland; Frankfurt, Germany; Halifax, Canada; Helsinki, Finland; Glas-
gow, UK; Gothenburg, Sweden; Grand Rapids, MI, USA; Graz, Austria; 
Groningen, Netherlands; Hong Kong, China; Hyderabad, India; Iowa 
City, Iowa, USA; Jincheon, South Korea; Kampala, Uganda; Kansas City, 
KS, USA; Khanti-Mansiysk, Russia; Konya, Turkey; Kuala Lumpur, 
Malaysia; Los Angeles, CA, USA; Medellín, Colombia; Mexico City, 
Mexico; Milan, Italy; Oslo, Norway; Ottawa, Canada; Piacenza, Italy; 
Palo Alto, CA, USA; Paris, France (2 sites); Poznan, Poland; Rochester, 
MN, USA; Rome, Italy; San Diego, CA, USA; Siena, Italy; Singapore; 
Stockholm, Sweden; Tartu, Estonia; Thessaloniki, Greece (2 sites); 
Tokyo, Japan (3 sites); Taichung, Taiwan; Trondheim, Norway; Tunis, 
Tunisia; Vitoria, Spain; Wardha, India; Wiener Neustadt, Austria; 
Worcester, MA, USA, and Würzburg, Germany. Collection sites located 
in the southern hemisphere were: Adelaide, Australia; Melbourne/ 
Geelong, Australia; Buenos Aires, Argentina; Cape Town, South Africa; 
Christchurch, New Zealand; Mataram, Indonesia; Porto Alegre, Brazil; 
Salvador, Brazil; Santiago, Chile (2 sites); and São Paulo, Brazil. 

2.3. Patient and country data 

Data collected for each patient were sex, age of onset, polarity of first 
episode, family history of mood disorders, history of psychosis, episode 
course, history of alcohol and substance abuse, and history of suicide 
attempts. For each patient, three locations were also collected: birth 

Fig. 1. Location of the 75 international collection sites in 42 countries.  
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location, onset location and current location. 
A variety of country specific socioeconomic data were obtained for 

all onset locations: physician density per 1000 population, country 
median age, unemployment rate, poverty rate, gross domestic product 
(GDP) per capita [45], health expenditure as a percentage of GDP [46], 
psychiatrists per 100,000 [47], Gini index of income inequality [48], 
and the gender inequality index [49]. 

2.4. Solar insolation 

The solar insolation values were obtained from the NASA POWER 
database version 8.0.1, which provides average monthly solar insolation 
expressed in kilowatt hours/square meter/day (kWh/m2/day) based on 
satellite observations collected between 1983 and the present [31]. A 
22-year climatology of insolation spanning Jan 1984 - December 2013 at 
spatial resolution of 1◦ x 1◦ latitude/longitude was obtained. The actual 
patient onset locations were grouped into reference onset locations 
representing all onset locations within a 1◦ x 1◦ grid of latitude and 
longitude. For each patient, the latitude and longitude of the reference 
onset location were used to obtain the solar insolation values. 

The mean monthly solar insolation received at different latitudes 
changes throughout the year, with very little change near the equator 
and extreme changes near the north and south poles. Solar insolation 
values for locations at the same latitude may also vary considerably due 
to local conditions such as cloud cover, aerosols (including dust and 
pollution), water vapor amounts, and altitude. The variance in solar 
insolation across the year is often considered in terms of changes be-
tween the winter months and summer months. However, locations in the 
tropics (<23.5◦ north or south of the equator), may have a wet season 
where clouds reduce solar insolation and a dry season with clear skies 
rather than a winter/summer insolation pattern. Therefore, to capture 
the range of solar insolation in tropical as well as non-tropical areas, the 
ratio of the minimum mean monthly insolation to the maximum mean 
monthly insolation was created to summarize the changes in solar 
insolation throughout the year at each reference onset location. 

2.5. Statistics 

The generalized estimating equations (GEE) statistical technique was 
used to account for both the correlated data and unbalanced number of 
patients at reference onset locations. The GEE technique estimates the 
dependent variable as a function of the entire population, producing a 
population averaged or marginal estimates of model coefficients [50]. 
All GEE models in this study were estimated using a binomial distribu-
tion, an exchangeable working correlation matrix and a logit link 
function where the polarity of the first episode (depressed or manic/ 
hypomanic) was the dependent binary variable. To identify the best 
model, the multivariate model estimates were compared using the cor-
rected quasi-likelihood independence model criterion [51] and confi-
dence intervals at the 0.01 significance level to reduce the chance of type 
1 errors. Based on the logit link function, the exponentiated coefficient 
can be interpreted as the effect size [52]. Demographic variables were 
reported using descriptive statistics. SPSS version 26.0 was used for all 
analyses. The R software was used to create Fig. 1 [53]. 

3. Results 

Data were available for 11,063 patients with BD, of which 8080 had 
a diagnosis of BD I. Of the 8080 patients, 7488 (92.7%) had all the 
variables in the best model and were included in the analysis. The de-
mographics of the 7488 patients are shown in Table 1. Of the 7488 
patients, 4366 (58.3%) were female, and the polarity of the first episode 

was depressed for 3743 (50%). The mean age of onset for the 7488 
patients was 25.6 ± 10.7 years, similar to other international studies 
[54–56]. For the 7488 patients, there were 591 reference onset locations 
in 67 countries at a wide range of latitudes in both hemispheres. The 
average number of patients at each onset location was 12.7, with 285 
onset locations having a single patient. Of the 7488 patients, 1685 
(22.5%) had an onset location in the tropics, and 1576 (21%) had an 
onset location in the southern hemisphere. 

3.1. Model estimate 

The best fitting model estimated the percentage of patients with a 
first episode of depression using an intercept, the ratio of the minimum 
mean monthly insolation to the maximum mean monthly insolation for 
the reference onset location, sex, and the country health expenditure as a 
percentage of GDP. See Table 2. The estimated coefficients for the best 
model suggest that the odds of first episode of depression decrease by 
6.7% for every 0.1 increase in the ratio of minimum mean monthly 
insolation to maximum mean monthly insolation. Alternatively stated, 
comparing a ratio of 1 (near the equator) to a ratio of 0 (near a pole), 
there was a 67% difference in the odds of a first episode of depression 
with the lowest odds at the equator. The model estimates that being 
female will increase the odds of a first episode of depression by 47% and 
a 1% increase in country health expenditure as a percentage of GDP will 
increase the odds of a first episode of depression by 7%. The best model 
included 92.7% of the collected data. 

The ratio of the minimum mean monthly insolation to the maximum 
mean monthly insolation, solar insolation varied between the extremes 
of 0.0 near the north pole and 0.89 near the equator. See Table 3. The 
current health expenditure as a percentage of GDP for the year 2018 
varied between the extremes of 2.9% and 16.9% of GDP. The other 
patient variables, solar insolation variables and country variables 
considered were not significant or the models were not as meaningful. 

Table 1 
Demographics of patients with BD I1 (N = 7488).  

Parameter Value N % 

Sex     
Female 4366 58.3  
Male 3122 41.7 

Polarity of first episode     
Manic/ 
Hypomanic 

3745 50.0  

Depressed 3743 50.0 
Family history of mood disorder    

No 3179 47.7  
Yes 3492 52.3 

Alcohol or substance abuse     
No 3677 69.1  
Yes 1645 30.9 

History of psychosis     
No 2146 35.7  
Yes 3859 64.3 

Comorbid anxiety/panic/ OCD     
No 4017 76.6  
Yes 995 23.4             

Parameter  Mean SD     

Health expenditures as percent of country 
GDP  

8.6 2.7 

Age of onset  25.5 10.5  

1 Missing values excluded. 
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4. Discussion 

The primary finding of this study was that increasing change in solar 
insolation during the year was associated with a first episode of 

depression in patients with BD I. The larger the change in solar insola-
tion throughout the year at the onset location, the greater the likelihood 
that the polarity of the first episode was depressed. For patients living 
outside the tropics, the largest change in solar insolation is between 
winter and summer, with extreme change near the poles. For those 
living in the tropics, the largest change is between the wet and dry 
season. Approximately 20% of those with major depressive episodes will 
develop the defining manic or hypomanic episodes of BD, although es-
timates vary widely [57–59]. Hypothetically, this study suggests that 
solar insolation could be an environmental factor associated with the 
transition from major depressive disorder (MDD) to BD. When treating 
patients with a first episode of depression, physicians in locations with a 
large change in solar insolation across the year should monitor even 
more carefully for BD. 

The human circadian clock system is organized in a hierarchical 
manner with a master clock in the suprachiasmatic nuclei (SCN) of the 
hypothalamus that coordinates with the peripheral clocks found in 
virtually all tissues and cells [1,60,61]. The master clock is entrained to 
the environment primarily by light changes perceived in the retina and 
sent to the SCN, which coordinates the circadian activities of other brain 
areas and the peripheral clocks using neural and neuroendocrine signals. 
The effects of light are related to the spectral properties, timing, dura-
tion and pattern of light exposure, and individual characteristics 
including age, sex, genetics, ocular health, general health, and lifestyles 
[20,21,28,62]. Disruptions in circadian rhythms can be defined as 
misalignment in biological timing between different levels of the 
circadian clock system, or as misalignment with the environmental 
light/dark cycle [63,64]. Many symptoms of circadian rhythm disrup-
tion are documented in BD, including irregular sleep-wake cycles, 
abnormal melatonin secretion, evening chronotype, supersensitivity to 
phase delaying effects of light, metabolic dysregulation, and irregular 
social rhythms [11,12,15,65,66]. Circadian rhythm disruption may 
result in mitochondrial dysfunction and contribute to the pathogenesis 
of BD [67,68]. Circadian rhythm disruption may also contribute to the 
high rate of comorbid substance use disorders reported in international 
studies [69,70], and substance use in turn induces changes in circadian 
rhythms that may exacerbate addiction [71–73]. In a sample with data 
from 193 countries, fewer hours of sunlight and colder weather were 
associated with increased alcohol consumption and alcoholic cirrhosis 
[74]. In prior analysis of this sample, a larger change in solar insolation 
across the year was associated with an increasing risk of suicide attempts 
[44,75]. 

In this study, females were at increased risk for a first episode of 
depression, which is consistent with some prior research [38,39,76,77]. 
However, review articles addressing the identification of individual risk 
factors associated with transition from unipolar to BD, such as family 
history, sex, and early age of onset, report only limited agreement 
among studies [58,78,79]. There are difficult clinical challenges in 
assessing if a first episode of depression is due to BD rather than MDD 
[33,80–82]. Many patients with BD are initially diagnosed with MDD, 
often with a 6–10 year delay before the correct diagnosis is determined 
and optimal treatment is started [36,83–85]. There is widespread 
agreement on the need to improve recognition of those at-risk for BD, 

Table 2 
Estimated parameters explaining the polarity of the first episode for patients with BD I (N = 7488)1.      

99% Confidence Interval Coefficient Significance 

Parameters Coefficient estimate (β) Standard Error Exp (β) Lower Upper Wald Chi-squared P 

Intercept − 0.646 0.1885 0.524 − 1.016 − 0.277 11.745 0.001 
Ratio of monthly mean minimum/monthly  

mean maximum insolation 
− 1.109 0.2803 0.330 − 1.658 − 0.559 15.645 < 0.001 

Sex - Female 0.338 0.0540 1.474 0.282 0.494 51.618 < 0.001 
Country health expenditure as percentage of GDP 0.075 0.0146 1.077 0.046 0.103 25.945 < 0.001  

1 Dependent variable: Polarity of first episode depressed (yes/no). Model: intercept, ratio of monthly mean minimum/monthly mean maximum insolation at onset 
location, female (yes/no), country health expenditure as percentage of GDP. 

Table 3 
Ratio of monthly mean minimum/monthly mean maximum insolation: example 
onset locations by latitude group.  

Degrees Latitude 
North + South 

Onset Location Ratio of Monthly Mean 
Minimum/Monthly Mean 
Maximum Insolation 

0–-9 Kampala, Uganda 0.8197  
Kuala Lumpur, Malaysia 0.7694  
Mataram, Indonesia 0.7831  
Medellín, Columbia 0.8370  
Singapore 0.7797 

10–-19 Bahir Dar, Ethiopia 0.7713  
Bangkok, Thailand 0.7207  
Bengaluru, India 0.6814  
Hyderabad, India 0.6421  
Mexico City, Mexico 0.6855  
Salvador, Brazil 0.6246 

20–-29 Hong Kong, China 0.6016  
São Paulo, Brazil 0.6050  
Taichung, Taiwan 0.3931  
Wardha, India 0.5750 

30–-39 Ankara, Turkey 0.2374  
Athens, Greece 0.2319  
Beer Sheva, Israel 0.3556  
Buenos Aires, Argentina 0.3149  
Cagliari, Italy 0.2328  
Cape Town, South Africa 0.3227  
Los Angeles, CA, USA 0.3503  
Melbourne, Australia 0.2913  
San Francisco, CA, USA 0.3137  
Santiago, Chile 0.2879  
Seoul, South Korea 0.4404  
Tokyo, Japan 0.5574  
Tunis, Tunisia 0.2859 

40–-49 Belgrade, Serbia 0.1960  
Barcelona, Spain 0.2603  
Boston, MA, USA 0.2662  
Christchurch, New Zealand 0.2461  
Grand Rapids, MI, USA 0.2256  
Halifax, Canada 0.2270  
Minneapolis, MN, USA 0.2371  
Paris, France 0.1540  
Rome, Italy 0.2203  
Siena, Italy 0.2077  
Vienna, Austria 0.1667  
Würzburg, Germany 0.1477 

50–-59 Aarhus, Denmark 0.0782  
Calgary, Canada 0.1454  
Dresden, Germany 0.1379  
Dublin, Ireland 0.1149  
Oslo, Norway 0.0433  
Poznan, Poland 0.1290  
Stockholm, Sweden 0.0427  
Tartu, Estonia 0.0562 

60+ Helsinki, Finland 0.0359  
Khanti-Mansiysk, Russia 0.0243  
Trondheim, Norway 0.0116  
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with approaches to include neuroimaging and genetic studies 
[33,82,86]. Differences in symptoms of circadian rhythm dysfunction 
may also help to differentiate between MDD and BD, with more severe 
symptoms of circadian dysfunction generally associated with BD 
[15,87,88]. Individual differences in chronobiological characteristics 
may also contribute to the heterogeneity in clinical presentation across 
the bipolar spectrum [89]. The results of this study suggest a need to 
increase routine awareness of circadian dysfunction. 

Another finding in this study was that an increasing percentage of 
GDP spent on country health expenditures was associated with 
increasing risk of a first episode of depression. Given that depression is 
not a disease of affluence [90], we assume that some patients with 
depression remain undiagnosed and untreated in countries with less 
funding available for mental healthcare [91,92]. Other socioeconomic 
conditions and aspects of modern lifestyles may lead to circadian 
disruption. Many employees have unpredictable work schedules that 
include shift work, rotating shifts, and variable hours on short notice 
[93,94], situations that may cause circadian misalignment [95]. In the 
US, in a nationally representative survey of early career workers in 
hourly jobs, 41% learned their work hours one week in advance or less 
[96]. Another important societal change is the worldwide conversion to 
light-emitting diodes (LED) technology as the dominant lighting source 
for indoor and outdoor general illumination, and to backlight digital 
technology. LED lighting directly affects the non-visual response to light 
in the retina, and may cause circadian rhythm disruption [97–100]. 
Studies of children and adolescents find a high use of digital devices 
before bedtime, which is associated with negative effects on sleep timing 
and quality [101,102]. In a nationally representative study of adoles-
cents in the US, increasing levels of artificial light at night were asso-
ciated with less favorable sleep patterns, and with mood and anxiety 
disorders [103]. Young adults may be more vulnerable to the effects of 
sleep loss and circadian disruption than older adults [104]. Outdoor 
light pollution at night from high intensity LED streetlights may also 
cause circadian disruptions [105]. 

The results of this study highlight the need to better understand the role 
of circadian dysfunction in BD. Knowledge of chronobiology is growing 
rapidly, but the systems are very complex, such as the non-visual retinal 
functions and underlying genetics [62,106–108]. Additionally, there is 
considerable individual variation in the major measurements used in 
chronobiology [62,63,109]. Examples include a normal distribution of 
chronotypes across a population [110], and a 50-fold range in sensitivity to 
evening light measured by melatonin suppression across healthy young 
adults [111]. Increased knowledge of circadian entrainment in real world 
settings involving both daylight and LED lighting is also needed 
[26,62,106], and will help to clarify circadian dysfunction throughout the 
course of BD. 

4.1. Limitations 

There are limitations to this exploratory analysis. A seasonal analysis 
was not completed due to the inclusion of both tropical and non-tropical 
locations in the dataset. In other research, a seasonal pattern was found 
in about one-fourth of patients with BD, occurring more frequently in BD II 
[112,113]. Although the diagnosis was based on the DSM-IV or DSM-5 
criteria, the process of data gathering was not standardized across collec-
tion sites. To maximize participation in the project, only minimal clinical 
data were collected for each patient. The length of time for a patient to 
receive the diagnosis of BD, or if a patient initially received an incorrect 
diagnosis were not available. There may be recall bias in self-reported 
episode polarity, especially if undiagnosed, untreated, and in early life. 
Episodes with mixed features were not analyzed separately. This study 
includes only patients with BD, and cannot estimate the rate of transition 
from MDD. There was also no individual data on lifestyles including shift 
work, sun exposure, sun related activities, technology use, or retinal ab-
normalities. There was large variation in the number of reference onset 
locations from the collection sites, related to country size, migration 

patterns, and cultural factors. Cross-cultural differences in the expression of 
depressive symptoms and societal responses were not considered 
[114,115]. The sample was not demographically representative of the 
country populations. In this study 21% of the patients had an onset in the 
southern hemisphere, but it is estimated that about 12.5% of the world’s 
population lives in the southern hemisphere [116]. Outdoor artificial light 
at night was not evaluated [117]. Perinatal light exposure may influence 
future circadian resilience, but no individual data were available on this 
[118,119]. There was insufficient patient data to consider regional vari-
ance in solar insolation that has occurred over decadal timeframes. 

4.2. Conclusions 

In patients with BD I, increasing change in solar insolation during the 
year, between winter and summer or tropical wet and dry seasons, was 
associated with a first episode with a polarity of depression. Physicians 
who practice in locations with a large change in solar insolation across 
the year should monitor even more carefully for BD. Increased aware-
ness and research into the role of circadian dysfunction throughout the 
course of BD is needed. 
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