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Abstract

Background Sunlight contains ultraviolet B (UVB) radiation that triggers the production of vitamin D by skin. Vita-
min D has widespread effects on brain function in both developing and adult brains. However, many people live at
latitudes (about >40 N or S) that do not receive enough UVB in winter to produce vitamin D. This exploratory study
investigated the association between the age of onset of bipolar | disorder and the threshold for UVB sufficient for

vitamin D production in a large global sample.

Methods Data for 6972 patients with bipolar | disorder were obtained at 75 collection sites in 41 countries in both
hemispheres. The best model to assess the relation between the threshold for UVB sufficient for vitamin D production
and age of onset included 1 or more months below the threshold, family history of mood disorders, and birth cohort.

All coefficients estimated at P <0.001.

Results The 6972 patients had an onset in 582 locations in 70 countries, with a mean age of onset of 25.6 years. Of
the onset locations, 34.0% had at least 1 month below the threshold for UVB sufficient for vitamin D production. The
age of onset at locations with 1 or more months of less than or equal to the threshold for UVB was 1.66 years younger.

Conclusion UVB and vitamin D may have an important influence on the development of bipolar disorder. Study
limitations included a lack of data on patient vitamin D levels, lifestyles, or supplement use. More study of the impacts
of UVB and vitamin D in bipolar disorder is needed to evaluate this supposition.

Background

The sunlight that penetrates the atmosphere and reaches
the Earth’s surface has profound effects on human physi-
ology and behavior, and is fundamental to human health
(Wirz-Justice 2021). Daylight is the most powerful sig-
nal to entrain the human circadian system to the 24 h
rotation of the Earth (Foster 2021; Roenneberg 2007).
Daylight contains ultraviolet B radiation (UVB) that is
absorbed by skin, triggers production of vitamin D, and
is the major source of vitamin D for both children and
adults (Holick 2017). Some of the many aspects of human
health affected by daylight include sleep, mood, alertness,
cognition, bone health, calcium homeostasis, neuroendo-
crine and cardiovascular regulation, and eyesight (Wirz-
Justice 2021; Holick 2004; Paul 2019; LeGates 2014;
Blume 2019; Crnko 2019; Lagreze 2017).

In prior studies, we analyzed the impact of solar inso-
lation (incoming solar radiation) on several aspects of
bipolar I disorder. Solar insolation is defined as the total
amount of electromagnetic energy from the Sun striking
a surface area of the Earth, and includes all wavelengths
of visible and invisible light (NASA 2021). An inverse
relation was found between the maximum monthly
increase in solar insolation in springtime and the age of
onset of bipolar I disorder (Bauer 2017). Due to the fre-
quent symptoms of circadian disruption in patients with
bipolar disorder, our studies of solar insolation focused
the discussion on visible light and circadian entrainment
(Bellivier 2015; Gonzalez 2014; Takaesu 2018).

The purpose of this exploratory analysis was to inves-
tigate the association between UVB and the age of onset
of bipolar I disorder using a large, global sample. Recent
findings emphasize the broad range of non-skeletal vita-
min D functions including actions on the developing and

adult brain and the association of vitamin D deficiency
with neurological and psychiatric disorders (Cuomo
2019; Hoilick 2004; Mayne 2019; Cui 2021; Bailon 2012;
Berk 2009; Patrick 2015; Eyles 2020). Although UVB is
approximately the same proportion of the total broad-
band solar insolation at all locations, many people live
at latitudes that do not receive enough UVB during win-
ter months to produce vitamin D from skin absorption
(Webb 1988; Wacker 2013). The association of the age
of onset of bipolar disorder with UVB is of particular
importance given the high global rate of vitamin D defi-
ciency (Holick 2017; Palacios 2014), and relevance of the
age of onset to the outcome in bipolar disorder (Joslyn
2016; Menculini 2022).

Methods

All patients included in the study had a diagnosis of bipo-
lar disorder made by a psychiatrist according to DSM-1V
or DSM-5 criteria. The researchers were from university
medical centers and specialty clinics, as well as indi-
vidual practitioners. Data were collected retrospectively
between 2010 and 2016 and 2019-2021, by patient ques-
tioning, record review or both. Details about the meth-
odology for data collection were previously published
(Bauer 2012; Bauer 2017; Bauer 2022). Study approval,
including for data collection, was obtained according
to local requirements, using local institutional review
boards.

Data collection sites

Data were obtained at 75 data collection sites located in
41 countries in both hemispheres. The data collection
sites in the northern hemisphere were in Austria: Graz,
Wiener Neustadt; Canada: Calgary, Halifax, Ottawa;
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China: Hong Kong; Colombia: Medellin; Denmark: Aal-
borg, Aarhus, Copenhagen; Ethiopia: Barhir Dar; Estonia:
Tartu; Finland: Helsinki; France: Paris (2 sites);Germany:
Dresden, Frankfurt, Wiirzburg; Greece: Athens, Thes-
saloniki (2 sites); India: Bengaluru, Hyderabad, Wardha;
Ireland: Dublin; Israel: Beer Sheva; Italy: Cagliari, Sar-
dinia (2 sites), Milan, Piacenza, Rome, Siena; Japan:
Tokyo (3 sites); Malaysia: Kuala Lumpur; Mexico: Mexico
City; Netherlands: Groningen; Norway: Oslo, Trond-
heim; Poland: Poznan; Russia: Khanti-Mansiysk; Ser-
bia: Belgrade; Singapore; South Korea: Jincheon; Spain:
Barcelona, Vitoria; Sweden; Gothenburg; Stockholm;
Taiwan: Taichung; Thailand: Bangkok; Turkey: Ankara;
Konya; Tunisia: Tunis; Uganda: Kampala; UK: Glasgow;
and USA: Grand Rapids, MI, Iowa City, IA, Kansas City,
KS, Los Angeles, CA, Palo Alto, CA, Rochester, MN,
San Diego, CA, and Worcester, MA. The collection sites
in the southern hemisphere were in Australia: Adelaide,
Melbourne/Geelong; Argentina: Buenos Aires; Bra-
zil: Porto Alegre, Salvador, Sdo Paulo; Chile: Santiago (2
sites); Indonesia: Mataram; New Zealand: Christchurch;
and South Africa: Cape Town.

Data variables

The data collected for each patient included sex, age of
onset, onset location, family history of mood disorders,
polarity of first episode, history of psychosis, episode
course, history of alcohol and substance abuse, and his-
tory of suicide attempts. Four birth cohort groups were
used: born before 1940, between 1940 and 1959, between
1960 and 1979, and after 1979.

All the patient actual onset locations were grouped into
reference onset locations, which represent all the onset
locations within a 11 degree grid of latitude and longi-
tude. The reference onset location was used to obtain the
UVB data for each patient and used in the analysis.
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uvB

The surface UVB (280-315 nm) data are estimated by
the NASA CERES ((Clouds and Earth’s Radiant Energy
System), Wielicki 1996; Su 2005) and were downloaded
from the NASA POWER database, based on 20-year
Meteorological and Solar Monthly & Annual Climatolo-
gies (January 2001—December 2020), and accessed via
the POWER Climatology API, Version: v2.2.22 (NASA
2022). For each reference onset location, the monthly
average UVB expressed in watts/square meter (W/m?),
and the daily average daylight hours for each month were
obtained. For consistency with prior research, the aver-
age monthly W/m? values for UVB for each reference site
were converted to the average total daily kilojoule/square
meter as:

kJ/m?/day = W/m? % 3600/1000 % daylight hours

for each month.

The UVB received at the Earth’s surface varies greatly
by geographical location. See Fig. 1. UVB transmission
through the atmosphere is greatly reduced by clouds,
ozone and heavy air pollution (NASA 2022; Su 2005). For
locations at the same latitude with similar cloud patterns,
increasing elevation will increase surface UVB.

Above approximately 40° latitude N or S, there is insuf-
ficient UVB for vitamin D synthesis in winter (November
through February in the northern hemisphere) (Webb
1988; Holick 2004). This study analyzed the relation
between the threshold for UVB sufficient for vitamin D
production in skin and the age of onset of bipolar disor-
der. Several researchers have estimated thresholds from
0.7 to 1.0 kJ/m?*/day UVB (McKenzie 2009; O’Neill 2016).
This analysis used a threshold of 0.75 kJ/m?*/day UVB.

== Kampala - 0.3 N
== Boston — 42.3 N
=R Dresden —51.0 N
=g Trondheim — 63.4 N

Month
Fig. 1 Total UVB kJ/m?/day by Month for Selected Reference Locations

T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Statistics

The generalized estimating equations (GEE) statistical
technique was used to accommodate the correlated data,
and unbalanced number of patients within each reference
onset location. The GEE model uses a marginal or pop-
ulation-averaged approach, to estimate the effect across
the entire population rather than within a cluster (Zeger
1986). The dependent variable was the age of onset. An
exchangeable correlation matrix was selected, which
is appropriate for a large number of clusters including
many with a single observation (Stedman 2008). Sidak’s
adjustment for multiple comparisons was used to make
pair-wise comparisons between the birth-cohorts. A sig-
nificance level of 0.001 was used for all evaluations to
reduce the chance of type I error. The corrected quasi-
likelihood independence model criterion was used to
assist with model fitting (Pan 2001). SPSS version 28.0.0.0
was used for all analyses.

Results

Data for 11,063 patients with bipolar disorder were
obtained from the 75 collection sites, including 8080
patients with a diagnosis of bipolar I disorder. Of those
with bipolar I disorder, 6972 patients had all variables in
the best model. The demographic characteristics of the
6972 patients with bipolar I disorder are shown in Table 1.
The mean age of onset for the 6972 patients was 25.6 years,
shown distributed by latitude range in Table 2. The 6972
patients had an onset in 582 onset locations in 70 countries.
There was a mean of 12 patients at each onset location,
with 4% of the 582 locations having only one patient. Of the
6972 patients, 1293 (18.5%) had an onset in the southern
hemisphere, and 1598 (22.9%) had an onset in the tropics.

The best fitting model estimated the age of onset using
an intercept, 1 or more months of less than 0.75 mean
monthly kJ/m?/day of UVB at the patient onset loca-
tion, family history of mood disorders and patient birth
cohort. All estimated coefficients were significant at the
P<0.001 level. The age of onset for patients at an onset
location with at least 1 month<0.75 mean monthly kJ/
m?/day of UVB was 1.66 (99% CI [-2.614, -0.712]) years
younger than for patients at an onset location elsewhere
as shown in Table 3.

Of the 582 onset locations, 198 (34.0%) had at least
1 month of less than 0.75 mean monthly kj/m?/day of
UVB. All of these onset locations were at latitudes of 40
degrees or greater N or S, and included 2247 (32.2%) of
patients.

Discussion

An association between UVB and the age of onset of
bipolar disorder was observed. Patients at locations with
1 or more months of less than the threshold for UVB

Page 4 of 9

Table 1 Demographics of Bipolar | patients® (N=6972)

Parameter Value N %
Gender

Female 4054 583

Male 2894 417
First Episode

Manic/Hypomanic 3384 50.2

Depressed 3358 498
Family History of Mood Disorder

No 3328 477

Yes 3644 523
History of Alcohol or Substance Abuse

No 3492 695

Yes 1531 305
History of psychosis

No 1986 354

Yes 3622 646
Comorbid Anxiety/Panic/OCD

No 3854 774

Yes 1123 226
Cohort Age Group

DOB after 1979 1732 248

DOB 1979-1960 3234 464

DOB 1959-1940 1738 249

DOB before 1940 268 3.8
Onset Hemisphere

Northern 5679 815

Southern 1293 185
Parameter Mean SD
Age of Onset 256 104

@ Missing values excluded

Table 2 Mean Age of Onset by Latitude Range (N=6972)

Latitude Range Mean Age of N Standard
North + South Onset Deviation
0-9 266 511 9.97
10-19 243 797 9.49
20-29 24.8 375 11.39
30-39 255 2023 10.38
40-49 266 2368 10.59
50-59 244 682 10.16
60-69 22.7 216 11.29
Total 256 6972 1043

sufficient for vitamin D production had an onset that
was 1.66 years younger. However, there are major limita-
tions to this exploratory study. There is no data on patient
vitamin D levels, lifestyle, sun exposure, sunscreen use
or if taking vitamin D supplements. There is no data



Bauer et al. International Journal of Bipolar Disorders (2023) 11:22

Page 5 of 9

Table 3 Estimated parameters explaining age of onset for patients with bipolar | disorder below a threshold of mean monthly kJ/m?/

day of 0.75 UVB light for 1 or more months during the year (N=6972)

99% Confidence Interval  Coefficient Significance

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

Intercept 40.300 1.0867 38.107 42429 1375.305 <0.001

Family history of mood disorders —-1914 0.2316 — 2368 — 1460 68.309 <0.001

Cohort age groups
DORB after 1979 —19.768 1.0344 —21.796 - 17741 365.219 <0.001
DOB 1979-1960 — 13575 1.0509 — 15635 - 11516 166.865 <0.001
DOB 1959-1940 — 7.509 1.0339 — 9536 — 5483 52.750 <0.001
DOB before 1940 0

UVB kl/m?/day <0.75 for 1 or more months —1.663 04853 —2614 -0712 11.739 <0.001

Dependent variable: Age of onset (years). Model: intercept, family history of mood disorders (Y/N), cohort age groups, UVB kJ/m?/day < 0.75 for 1 or more months
(Y/N). All Sidak pairwise comparisons between family history of mood disorders and cohort age groups were significant at the <0.001 level

on dietary habits, although lower vitamin D levels were
reported in vegetarians (Crowe 2011), or on skin pigmen-
tation which effects absorption of UV radiation (Jablon-
ski 2010). There is no data on whether patients take
medications that interact with vitamin D such as many
anti-epileptic drugs (Wakeman 2021; Fan 2016). There is
no data on country vitamin D fortification. Yet, despite
these limitations, an association between UVB and the
age of onset of bipolar disorder was seen. This suggests
that the role of UVB and vitamin D in bipolar disorder
needs to be studied.

Vitamin D deficiency is frequently present in patients
with psychiatric disorders. Many studies have reported
vitamin D deficiency in patients with schizophrenia and
major depressive disorder (MDD), with some opposite
findings in MDD (Cui 2021; Valipour 2014; Bivona 2019).
There are fewer studies of patients with bipolar disor-
der, but vitamin D status in these patients was similar to
that of patients with other psychiatric disorders (Cereda
2021). The frequent medical comorbidity in patients with
bipolar disorder may lead to poor eating habits, and limit
exercise and sunlight exposure, which may also con-
tribute to findings of vitamin D deficiency (Eyles 2020).
Additionally, vitamin D deficiency and insufficiency is
very common in international studies of people admitted
for inpatient psychiatric treatment (Seiler 2022).

Vitamin D is a neurosteroid that has multiple roles in
the brain throughout life. Vitamin D is involved in regu-
lating brain development, maintaining function in the
adult brain, and protecting the aged brain (Cui 2021;
Eyles 2020; Groves 2014). Vitamin D acts on the brain by
both genomic and non-genomic pathways. The genomic
pathway involves vitamin D receptors that are found
throughout most regions of the brain (Cui 2021; Eyles

2020; Groves 2014). The actions of vitamin D within the
brain influence neurotransmission, neuroprotection, syn-
aptic plasticity, immunomodulation, and calcium signal-
ing. This includes involvement of vitamin D in the release
of neurotransmitters including dopamine, gamma-amin-
obutyric acid (GABA), and serotonin, and neuroprotec-
tive effects that suppress oxidative stress and inhibit
inflammation (Cui 2021; Eyles 2020; Groves 2014). The
role of vitamin D in the development and severity of psy-
chiatric disorders is an area of active research, including
for bipolar disorder (Berridge 2017; Berridge 2015; Pat-
rick 2015; Eghtedarian 2022; Eyles 2013).

Other Limitations

Details about vitamin D production, and mechanisms
of action in the brain were out of scope. Issues related
to vitamin D assay methods, and differences between
international guidelines for thresholds and supple-
mentation were not discussed (Guistina 2020; Bouil-
lon 2017). Changing needs for vitamin D across the
lifespan, and strategies to address global vitamin D
deficiency were not discussed (Bouillon 2017; Mendes
2020). UVB-related pathologies related to excessive
exposure including skin cancers and ocular diseases
were not discussed (Gies 2018). The potential use of
vitamin D supplements as a treatment for bipolar dis-
order was out of scope (Marsh 2017). The surface UVB
values were estimated from available satellite data and
may differ slightly from direct surface UVB measure-
ments (Su 2005). The global procedures implemented
to prevent depletion of stratospheric ozone and result-
ant decreases in UVB were not included (Barnes 2019;
NASA 2021).
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Conclusion

UVB is fundamental to the development of vitamin D,
which is widely involved in the regulation of brain activi-
ties. In this large global study, patients at locations where
the available UVB was below the threshold required for
vitamin D production for at least 1 month had a younger
age of onset of bipolar I disorder. UVB and vitamin D
may have an important influence on the development of
bipolar disorder. Further investigation of the role of UVB
exposure and vitamin D in bipolar disorder is needed to
evaluate this supposition.
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