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A B S T R A C T
Autism Spectrum Disorder (ASD) is a lifelong disability with no known cause or cure. Among the suggested
etiologies, is Cannell’s hypothesis of a deﬁciency in Vitamin D the main natural source of which is Solar
Ultraviolet-B (UVB) radiation. The aim in this paper is to build on this hypothesis and explore the relationship of
solar irradiance of which UVB is a component, by latitude with the prevalence rates of ASD. Twenty-ﬁve reports
published between 2011 and 2016 using comparable diagnostic criteria were reviewed. The results suggest a
tendency for the prevalence rates of ASD to be lowest in countries near the equator and for this rate to increase as
the latitude increases. These ﬁndings provide some support not just for the Vitamin D hypothesis, but also for a
new proposition that along with UVB radiation, the entire solar radiation spectrum which reaches the earth, may
play a role in ASD. While these results are both novel and encouraging in terms of the potential eﬃcacy of
exposure to natural sunlight, further research is warranted before results can be considered deﬁnitive, and before
the implications of the ﬁndings can be implemented clinically.

Introduction
Autism Spectrum Disorder (ASD) is an umbrella term for multiple
neurodevelopmental conditions characterized by repetitive or stereotyped behaviors and pervasive deﬁcits in social communications and
interactions [1]. ASD is considered a lifelong disability which has an
impact on both the individual and the family [2,3], as well as being a
cost to society in general [2,4]. Among these costs are additional health
care, disability support in school and, in some instances, the loss of a
productive working life and the provision of social security. In addition,
ASD is associated with several comorbidities [5,6] such as AttentionDeﬁcit/Hyperactivity Disorder [7–10], Obsessive Compulsive Disorder
[7,8], anxiety disorders [11–15], sensory over-responsivity [13,16–19],
sleep disorders [20–22], and gastrointestinal problems [13,20,23,24].
The prevalence of ASD, or at least reports thereof, have increased
substantially from 1 in 500 in 1995, 1 in 250 in 2001 [25], to 1 in 68 in
2010 in the USA in children less than 8 years [26]. However, it is
possible that rather than an actual increase in the rate of ASD, these
statistics reﬂect higher prevalence associated with expanded deﬁnitions
of ASD, increased public awareness and help-seeking. Further changes

in the prevalence rates for ASD may also be a product of social destigmatization associated with ASD [27].
Despite the eﬀorts of scientists who have investigated a myriad of
environmental and genetic factors including air pollution [28–32];
environmental toxins such as mercury, nickel, selenium, lead, cadmium, aluminum, vinyl chloride and trichloroethylene [33–37]; genetic
heritability [38–40]; hormonal imbalances such as oxytocin [41], vasopressin [42], and more recently Vitamin D deﬁciency [43,44] the
etiology of ASD remains uncertain.
Following Cannell’s proposal [43,44] that Vitamin D deﬁciency
could be a risk factor for ASD several researchers have found low Vitamin D levels in patients with ASD [45,46], their siblings [47] and also
maternal deﬁciencies [4,48,49]. Laboratory research has explored the
genes regulated by Vitamin D [50,51]. Overall, these results have
pointed towards an association between Vitamin D deﬁciency and
autism-related traits [44,52]. Further support for Cannell’s hypothesis
comes from reports that some level of improvement in autistic symptoms has been achieved via the administration of Vitamin D supplements [53–55]. Despite this tentative support for an association between Vitamin D and ASD, no conclusive evidence of this relationship

Abbreviations: ADI-R, Autism Diagnostic Interview-Revised; ADOS, Autism Diagnostic Observation Schedule; ASSQ, Autism Spectrum Screening Questionnaire; ASQ, Autism Screening
Questionnaires; BSA, Body Surface Area; CAST, Mandarin Childhood Autism Spectrum Test; ICD-10, International Classiﬁcation of Diseases, 10th edition; ISAA, Indian Scale for
Assessment of Autism; M-CHAT, Modiﬁed Checklist for Autism in Toddlers; M-CHAT/ES, Spanish version of the Modiﬁed Checklist for Autism in Toddlers; VBAS, Vineland Adaptive
Behaviour Scale
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prevalence and the diagnostic criteria used. The prevalence rates
plotted by their respective latitude and solar irradiance level [62] are
shown in Fig. 2.
Cannell’s hypothesis [43], wherein he linked low levels of Vitamin
D with ASD, was explored with respect to solar irradiation as a natural
source of Vitamin D, and the results provide partial support for the
exploration of this relationship. In general, the prevalence of ASD is
shown to increase with increasing latitude while decreasing with increasing altitude. Fluctuations in both factors may be attributable to
diﬀerences in elevation, pollution levels, annual solar irradiance, individual Body Surface Area (BSA) exposure, use of sunscreen protections, and skin pigmentation.
Overall, there is a tendency for ASD prevalence rates to increase and
solar irradiance to decrease as the distance from the equator increases is
shown in Fig. 2. There are peaks in prevalence rates which diverge from
the line of best ﬁt with Japan, South Korea and China having considerably higher prevalence rates of ASD while France has a lower rate
(Table 1).
A notable ﬁnding is the increase in ASD prevalence above 25° latitude which maybe attributable to the decrease in solar irradiance
which, until that point shows only a minor decrease. The other main
ﬁnding is the continual increase of ASD prevalence above 33° latitude.
During the winter months for those living above approximately 33°
latitude very little if any Vitamin D3 can be produced in the skin from
sun exposure [87] due to an increase in blockage of UVB by the atmosphere. Support for this premise can be seen in reports from Boston,
USA (42 °N), Edmonton, Canada (52 °N), and Bergen, Norway (61 °N)
where residents are reported to be unable to produce suﬃcient quantities of Vitamin D in their skin for four, ﬁve, and six months of the year,
respectively [87,88]. Similar ﬁndings have been reported elsewhere
[89–91].
In the reports reviewed, Oman [69] has the lowest prevalence of
ASD followed by Taif, Saudi Arabia [67], Costa Rica [64], Himachal
Pradesh, India [73], Quito, Ecuador [63], Leon, Mexico [66], Atibaia,
Brazil [68], Taiwan [70] and Shoranur, India [65] in that order. All of
these regions lie below 25° latitude except for Himachal Pradesh (India)
and the prevalence rates were all less than 0.31%.
The Oman study was based on the nation-wide coverage of participants diagnosed at one center. From 798,913 children aged
0–14 years only 113 cases of ASD were found based on DSM-IV-TR
criteria. In addition to being close to the equator, Oman has a hot desert
climate. Both of these may play a role in higher exposure to solar irradiance. The study from Saudi Arabia shows a prevalence rate of
0.035% from a sample population of 22,950 7–12 year-old students in
the primary schools of Taif district. The Costa Rican study was based
also on a nation-wide sample [92,93] where, in the 1–5 year-old population, the prevalence of ASD was 118 children from a sample size of
290,375. The Himachal Pradesh study was carried out at 32° latitude in
the Himalayan Mountains in India and the only study beyond 25° latitude to have a prevalence rate of less than 0.3%. The reported low
prevalence rate of 0.09% may be attributed to the elevation at which
this study was carried out as at high elevation, solar irradiance (including UVB) is higher than at sea-level due to reduced travel-distance
through the earth’s atmosphere. Lower ASD prevalence at higher elevation further supports the argument for its association with solar irradiance.
In the Indian study [73] 11,000 children aged 1–10 years in the
identiﬁed region were surveyed by trained investigators using a Hindi
language version of the Indian Scale for Assessment of Autism (ISAA)
based on the Childhood Autism Rating Scale (CARS). The authors of the
Ecuadorian study [63] reported a prevalence rate of 0.11% in school
going children of 5–15 years. The Leon (Mexico) study also found a low
prevalence of 0.11% [66]. This Mexican study has reported on ASD
rates in mainstream school going children and special education school
children. The former prevalence rate was included here as a better representation of the overall population sample. Paula et al. [68] looked

has emerged.
In line with the research into Vitamin D deﬁciency, recent research
has addressed a link between solar irradiance and ASD [56–58]. Solar
irradiance is the measure of the sun’s electromagnetic spectrum over all
wavelengths per unit area, usually described in watts per meter2 (W/
m2) units [59]. The earth’s atmosphere ﬁlters the sun’s electromagnetic
radiations leaving Ultraviolet (UV), Visible, and Infrared radiations as
the main biogenically relevant components [60] to reach the earth’s
surface. UV is further classiﬁed into UVA, UVB and UVC [59,61]. UVA
reaches the earth’s surface throughout the year, UVB reaches the surface only when the sun is high in the sky, while UVC is completely
blocked by the earth’s atmosphere [59].
When people are exposed to UVB radiation, 7-dehydrocholesterol
present in the skin is converted to pre-Vitamin D3 and provides the
main source of natural Vitamin D to the body [56] Some research has
reported a correlation between low solar UVB and high ASD prevalence
[56–58] with this higher ASD prevalence attributed to lower levels of
sunlight based Vitamin D production. These studies were, however,
limited in scope. Firstly, they focused only on the UVB based Vitamin D
part of the electromagnetic spectrum; secondly, there was a noticeable
omission of ASD prevalence rates from countries near the equator,
which receive the highest levels of solar irradiance.
The aim of current study was to build on these investigations by
examining the incidence of ASD across the globe by latitude and its
relationship with solar irradiance which decreases as distance from the
equator increases. This study, for the ﬁrst time, proposes a link between
ASD and solar irradiance across all electromagnetic wavelengths. This
hypothesis will be investigated by comparing the results of published
epidemiological studies from diﬀerent countries and plotting their ASD
prevalence rates by the latitude of the data sources.
Method
Published data were used for this study therefore approval from the
University’s Ethics Committee was not required.
Inclusion Criteria. Reports on the prevalence of ASD in children
and adolescents were sought via searches of the major databases
(PubMed, Google Scholar, ScienceDirect, Medline, Psychinfo) and a
non-content database (Web of Knowledge). Search terms of “Autism”
and “incidence/prevalence/epidemiology” were used. Subsequent
searches included the name of countries/regions where gaps in geographical areas were identiﬁed. In order to minimize the impact of any
unknown factors and diversity in earlier assessments, only the latest
reports based on comparable diagnostic criteria were reviewed for this
study.
Each study revealed by the search was examined individually and
included in the analysis if it met the following criteria: 1) Original
publication between 2011 and 2016; 2) reported on samples less than
18 years of age; 3) used recognized diagnostic criteria (e.g. DSM-IV or
ICD-10) or nationally modiﬁed diagnostic criteria for determining the
prevalence of ASD; 4) was representative of a reasonably deﬁned geographic area, that is, inside 10 degrees of latitude (for determination of
latitude and solar irradiance levels); and 5) represents the largest
sample size.
In sum 25 studies met all four inclusion criteria. A further study
from Australia that did not meet the inclusion criteria due to its wide
geographical coverage exceeding 10 degrees of latitude will be discussed separately.
Results and discussion
The locations of the 25 studies reviewed are identiﬁed on the map in
Fig. 1. Although prevalence rates from some regions that is, Russia and
southern Africa, are not represented, with respect to street level solar
irradiance at latitudes, the entire globe is represented (Fig. 1). An
overview of the studies is listed in Table 1 including sample age, ASD
20
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Fig. 1. Red dots depicting the location of prevalence studies. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

reported prevalence rates of these studies strengthen the ﬁndings with
respect to the current interpretation of the data.
The rest of the studies show a continuous rise in the ASD prevalence
corresponding to their increasing latitudes. In view of the fact that there
is reduced UVB during the winter season above 33° latitude, an increasing trend beyond this latitude may indicate that the entire solar
irradiance spectrum has a role in the ASD prevalence, otherwise, there
would have been more or less uniform rates beyond 33° latitude.
In the regions above 33° latitude the peaks of Japan, South Korea
and China diverge from the line of best ﬁt, having considerably higher
prevalence rates of ASD while France has the lowest rate. South Korea
has the highest prevalence in the reports reviewed in this study. The
target population in that report included all children 7–12 years old
(N = 55,266) in the Ilsan district of Goyang City near Seoul in South
Korea [78]. Autism Spectrum Screening Questionnaire (ASSQ) was used
and a prevalence of 2.64% was found. Data from two prospective
community cohorts, namely Fukuoka Cohort and Tokyo Cohort were
used in the study from Japan [75]. Fukuoka Cohort comprised 1851
children and Tokyo Cohort comprised 665 children with 51 and 13 of
them being conﬁrmed as having ASD, respectively, using DSM-IV-TR.
The prevalence rate across the combined samples was 2.54%. In the
Chinese study, the Mandarin Childhood Autism Spectrum Test (CAST)
was used with 737 pupils aged 6–11 in two mainstream primary schools
in Xicheng District in Beijing [79]. The prevalence rate was 1.19%. If
low solar irradiance reaching the street level due to high pollution and
smog levels in Beijing is considered, the high prevalence may be explained. South Korea and Japan do not have such high levels of pollution, yet their ASD prevalence rates are the highest in the reports
reviewed. Weather might play a role, such as the longer and harsher
winters experienced in these regions which lead to less BSA exposure or
longer rainy seasons with cloud cover over 5.5 octa [94] which would
further reduce UVB exposure days. The additional clothing required to
keep warm in these harsher climates reduces the skin area exposed to
sunlight, and may reduce vitamin D levels [95], however, this and other
conjectures need to be investigated before drawing any conclusions.
It is important that future studies heed these factors in order to
accurately judge the likely impact of solar irradiance on ASD. Since
these countries are generally populated by the same race, it might also
be that their race is more susceptible to ASD than the rest. This suggestion would need to be studied in comparison with Taiwan’s ASD
prevalence which is much lower (0.287%) at 25° latitude [70]. Its
subtropical climate with year-round high solar irradiance is also important to consider in future comparative studies.

Table 1
Worldwide reports of prevalence of ASD (%) by latitude [46,63–86].
Latitude

Region

Age

%

Sample Size

Criteria

Ref

00°14′

Quito, Ecuador

5–15

0.11

51,453

[63]

8–10 °

Costa Rica

1–5

0.05

290,335

10°77′
21°07′
21°26′
23°07′
17–24°
22–25°
28°9′

Shoranur, India
Leon, Mexico
Taif, Saudi Arabia
Atibaia, Brazil
Oman
Taiwan
Las Palmas, Canary
Islands
Israel
Himachal Pradesh,
India
Tripoli, Libya
Fukuoka-Tokyo,
Japan
Beirut, Lebanon
LA County, USA
Goyang, South
Korea
Beijing, China
Utah, USA
Haute-Garonne,
France
Manitoba, Canada

1–15
8
7–12
7–12
0–14
0–17
1–3

0.31
0.11
0.04
0.27
0.01
0.29
0.61

8362
4431
22,950
10,503
798,913
372,642
1796

DSM-III,
DSM-IV
M-CHAT,
VBAS
DSM-IV-TR
DSM-IV-TR
AASQ
ASQ
DSM-IV-TR
ICD-9
M-CHAT/ES

[65]
[66]
[67]
[68]
[69]
[70]
[71]

8
< 11

0.49
0.09

2,431,649
11,000

DSM-IV-TR
ISAA

[72]
[73]

1–10
3

0.31
2.54

38,508
2516

DSM-IV
DSM-IV-TR

[74]
[75]

1–4
3–5
7–12

1.5
0.46
2.64

998
1,626,354
55,266

M-CHAT
DSM-IV-R
ASSQ

[76]
[77]
[78]

6–10
4,6,8
7

1.19
0.65
0.37

737
226,391
307,751

CAST
DSM-IV
ICD-10

[79]
[80]
[81]

0–14

1

307,900

ICD-9, ICD10
EPAP

[82]

29–33°
32°26′
32°54′
33–35°
33°53′
34°03′
37°34′
39°55′
40°45′
43°25′
49–59°
53°18′

6–11

1.15

5457

4–18

1.6

684,415

59°19′

South Dublin,
Ireland
Scotland, United
Kingdom
Stockholm, Sweden

0–17

1.44

495,864

62°00′
63–66°

Faroe Islands
Iceland

7–16
11–15

0.94
1.2

7128
22,229

55°-60°

ICD-10,
DSM-V
DSM-IV,
ICD-10
DISCO-11
ADI-R or
ADOS

[64]

[83]
[84]
[85]
[46]
[86]

at ASD prevalence in a less urbanized region of Atibaia (Brazil). Their
ﬁnding was an ASD prevalence of 0.27%. The report from Taiwan is
based on a sample of 372,642 aged younger than 18 years [70]. The
cumulative prevalence of ASD was found to be 0.287%. The other Indian study is from a semi-urban Indian region and reported a prevalence of 0.3% for 1–15 years old age-group [65]. Overall, the
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Fig. 2. ASD prevalence and solar irradiance by
latitude.
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time. Although attempts were made to use comparable criteria, there is
always a challenge in comparing prevalence studies from diﬀerent regions, with diﬀerences in case deﬁnitions, case identiﬁcation (or case
ascertainment), and case evaluation methods. The range of diagnostic
criteria used, albeit internationally recognized, pose another challenge
to ideal comparisons. Ideally, one criterion is needed to get an accurate
picture of the change in ASD prevalence. Additionally, solar irradiation
and hence sun exposure and more particularly Vitamin D levels, had to
be inferred based on the reported location of the study but it is possible
that those living near the equator could avoid the sun while those at
higher latitudes might take advantage of all available daylight.
Small sample sizes in some studies is another weakness as is the
diversity in the ages of the children assessed. Due to the remote locations of some studies from developing countries, there is a high probability of the sample having an overall similar genepool so that if a
speciﬁc genepool has a low or high ASD susceptibility, this would distort the results. This proposition then raises questions about the impact
genes have on ASD prevalence, as for instance, the studies of Chinese
samples reveal the highest rates of ASD which gives some credence to
this factor for future studies. It is highly probable that children in colder
climates remain indoors more where poorer air quality [98] and possibly more time spent watching television [99,100] may contribute to,
or compound the eﬀects of lack of vitamin D3, in the onset of ASD.
Universal healthcare systems in some developed countries like that
of Japan, Australia and United Kingdom posed their own constraints.
Due to the availability of national databases of children with ASD, small
regional prevalence studies are scarce in such countries. Lastly, there is
a shortage of ASD studies from countries below 20 ° latitude. These two
factors pose further barriers to any similar study.
An accurate assessment of ASD prevalence with respect to solar irradiance necessitates studies across a range of latitudes from small regions. All of the above highlighted limitations may be overcome if a
study were undertaken in Australian cities. Australia is the only country
in the world that stretches from 10°S to over 45 °S latitude providing
year-round maximum solar irradiance in its north to the minimum irradiance in the south within one political and medical systems. While
Bent et al. [101] reported ASD prevalence rates in Australia, this was by
state each of which stretch over several degrees of latitude. Even so, the
Northern Territory (approximately 11° to 25°S) had the lowest reported
ASD rate of 0.376% and Tasmania (approximately 41° to 45°S) had
0.752%. This change between two Australian states strengthens the
argument that solar irradiance has an impact on ASD.

The other noticeable exception from the increasing trend line is
Haute-Garonne in France at 43° latitude. It has lowest prevalence of
0.365% [81] in regions above 33° latitude. This low rate merits further
exploration and may relate to these children engaging more in outdoor
activities and the local climatic/geographic factors. While van Bakel
et al. [81] cited ICD-10 as the diagnostic criteria used to assess prevalence of ASD their ﬁgures were drawn from a French area data base.
This database itself may have contained inaccuracies or, of some concern, is Danielle Langloys’ (the Presidente of Austisme France) suggestion that France in general lacks appropriate diagnostic criteria for
ASD and its incidence is underrated.
The ﬁve studies from northern Europe are from above 50° latitude.
All of them have a prevalence rate of 1% or higher with Faroe Island
having the lowest rate followed by South Dublin (Ireland), Iceland,
Scotland (United Kingdom) and Stockholm (Sweden) in that order.
Faroe Island study [45] revealed a prevalence rate of 0.94% from all
7–16 year-olds living on the island who were followed up till the age of
15–24 [46]. The report from South Dublin was based on the new European Protocol for Autism Prevalence (EPAP) for ASD prevalence
measurement [83]. The authors reported a prevalence rate of 1.15% in
6 to 11-year-olds in a sample size of 5,457. The Icelandic study is based
on a nation-wide database of ASD children aged 11–15. A total of 267
children were diagnosed with ASD from 22,229 children recorded in
the birth cohort with a prevalence rate of 1.2% [86]. The investigation
from Stockholm (Sweden) reported a prevalence of 1.44% in 0–17 yearolds [85]. A total of 7121 children were diagnosed with ASD in a cohort
of 495,864 using DSM-IV until 2008, and ICD-10 since 2009. The
Scottish study reported a prevalence rate of 1.6% [84] based on data
from the annual Scottish Pupil Census which covers all publicly funded
primary, secondary and special schools, some 684,415 students aged
4–18 [96]. In the UK ICD-10 and DSM-V are used as the main diagnostic
criteria for ASD [97].
Overall, countries nearer the equator that is, below 25° latitude, the
approximate latitude of the Tropics of Capricorn and Cancer, have
prevalence rates below 0.35% while the European and North American
countries have reported rates above 0.35%. This contrast in prevalence
rates which we propose is linked to exposure to solar irradiance merits
further investigation.

Study limitations and future work
A comprehensive review of the published literature was conducted
to establish a global picture of ASD prevalence rates across diﬀerent
latitudes. However, prevalence studies give only a cross-sectional view
of the number of the people suﬀering a disease at a speciﬁc point in
22
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Conclusion
In this review, the aim was to explore the link between solar irradiance and the prevalence of ASD. This study for the ﬁrst time has
shown, theoretically, a relationship between low solar irradiance and
ASD, particularly noted by the low rates in countries near the equator
and Northern Territory (Australia) and high rates in Europe and
Tasmania (Australia). The results of this review provide some support
for Cannell’s hypothesis [43,44] that lack of vitamin D, which in its
natural form comes from exposure to UVB in sunlight, is implicated in
ASD.
In conclusion, the ﬁndings of this review add support to the hypothesis that lack of exposure to full spectrum of solar irradiance increases the rate of ASD prevalence. These ﬁnding may contribute to
understanding the etiology and pathogenesis of ASD. It might also be
that exposure to sunlight might be an inexpensive and eﬀective intervention technique in prevention or to reduce the impact of ASD on the
child and family. Further studies are required to support this hypothesis.
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