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Abstract
Background and Objectives
Low sun and ultraviolet radiation (UVR) exposures have been associated with increased risk of
developing pediatric-onset multiple sclerosis (MS); however, their effect on disease course has
not been well characterized. We primarily investigated whether there was an association be-
tween time spent in the sun in early childhood and risk of relapse in pediatric MS. We
secondarily investigated the effect of sun exposure during more recent periods on risk of
relapse.

Methods
We conducted a multicenter cohort study of participants with pediatric-onset MS recruited
from 18 pediatric MS clinics across the United States between November 1, 2011, and July 1,
2017. Relapses were identified prospectively after study enrollment; relapses preceding study
enrollment were entered retrospectively. Time spent in the sun at various periods of life was
measured using a detailed environmental questionnaire, and ambient UVR exposure was
determined using zip codes. Multivariable Cox regression models were used to assess the
association between time spent in the sun and UVR dose at specific periods of life and the risk
of relapse. Models were adjusted for demographic, clinical, and sun exposure–related
characteristics.

Results
In our cohort of 334 children with MS, 206 (62%) experienced at least one relapse from disease
onset to the end of the follow-up period. After adjustment, ≥30 minutes of daily sun exposure
during the first summer of life was associated with a lower risk of relapse compared
with <30 minutes (adjusted hazard ratio [aHR] 0.67, CI 0.48–0.92, p = 0.01). Greater time
spent in the sun during the second trimester of pregnancy was also associated with reduced risk
of relapse (aHR 0.68, CI 0.48–0.97, p = 0.04). UVR dose and time spent in the sun later in life
were not significantly associated with relapse risk.

Discussion
In this large cohort study of children with MS, greater early childhood and prenatal sun
exposure time was associated with lower risk of relapse. Further investigation of sun exposure at
other periods is needed to better characterize its impact on disease course and guide potential
future interventions.
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Introduction
Multiple sclerosis (MS) onset typically occurs between the
ages of 20 and 50 years, but 3%–5% of individuals with MS
may experience onset before 18 years of age.1 Compared with
those with adult-onset disease, patients with pediatric-onset
MS have a higher relapse rate,2 which may improve the ability
to study associations between risk factors and relapse risk.
Furthermore, pediatric-onset patients have been shown to
reach irreversible disability at a median age 10 years younger
compared to patients with adult-onset disease,3 highlighting
the importance of identifying potential risk factors of relapse
in this population.

Low sun exposure, low ultraviolet radiation (UVR) exposure,
or low vitamin D status have been associated with higher risk
of developingMS in both adults and children.4-10 The effect of
these factors on disease course is not well characterized. One
prospective cohort study in adults with clinically isolated
syndrome (CIS) found that higher UVR exposure at younger
ages was associated with a significantly reduced risk of MS
conversion and relapse.7 A survey-based cross-sectional study
of adults with relapsing-remitting MS also demonstrated an
association between self-reported sun exposure and risk of
disability progression.11 However, the effect of sun exposure
on disease course in MS remains poorly understood, espe-
cially in children with the disease.

In this multicenter cohort study, we examined the associations
between sun exposure at various periods of life and the risk of
relapse in pediatric-onset MS. Based on the potential con-
tributions of these risk factors to disease course in adult-onset
MS, we hypothesized that higher sun exposure would be as-
sociated with lower risk of relapse in this pediatric population.

Methods
Study Population
Study participants were recruited consecutively from 18 pe-
diatricMS clinics across the United States betweenNovember
1, 2011, and July 1, 2017. These sites are considered to be
secondary or tertiary referral centers for pediatric MS and see
patients from large catchment areas. Participants were aged
4–21 years and eligible for inclusion if they had either MS or
CIS onset before the age of 18 years and were within 4 years
from symptom onset. The diagnosis of MS or CIS was con-
firmed by at least 2 pediatric MS specialists affiliated with the
US Network of Pediatric MS Centers (NPMSC), adhering to
the 2010 McDonald Criteria.12 Participants with complete

follow-up information subsequent to enrollment were in-
cluded in the analysis.

Clinical and Demographic Information
Participants or their parents/guardians completed a ques-
tionnaire on study enrollment providing data on demographic
characteristics (including binary sex at birth, race, and eth-
nicity, according to NIH criteria), medical history, location of
residence (at birth and most recently), and environmental
exposures, including behaviors related to sun exposure. Serum
concentrations of 25-hydroxyvitamin D (25(OH)D, in ng/
mL) were measured using the batched chemiluminescent
assay (Heartlands Assay, Inc., Ames, IA) on blood samples
obtained at the time of enrollment and modeled as a contin-
uous variable.2

Participants were followed clinically and data entered pro-
spectively from the time of their first clinic visit, which oc-
curred either at or before enrollment in the study; subsequent
clinic visits occurred 1–2 times per year, on average. Relapse
information preceding study enrollment was entered retro-
spectively into the US NPMSC database.13 Relapses were
defined as new or recurrent neurologic symptoms localizing
to the CNS, lasting for at least 24 hours after a remission of
30 days or more since the previous attack in the absence of an
infection or fever.12 Disease duration at the time of enroll-
ment was calculated from the date of disease onset (first de-
myelinating event) to the date of study enrollment.

Disease-modifying treatment (DMT) use was categorized
into 4 groups based on efficacy13: (1) no DMT; (2) interferon
β, glatiramer acetate, azathioprine, mycophenolate mofetil, or
IV immunoglobulin; (3) fingolimod, dimethyl fumarate, or
daclizumab; and (4) natalizumab, rituximab, ocrelizumab,
alemtuzumab, cyclophosphamide, or mitoxantrone. Partic-
ipants who switched treatment during the follow-up period
were assigned to the treatment with the longest duration.

Exposures of Interest
Sun exposure was measured as both reported time spent in
the sun and ambient UVR dose, at various time points.

Time spent in the sun was based on a detailed environmental
questionnaire completed by parents/guardians at the time of
study enrollment. We primarily investigated early childhood
exposure (duration of time spent in the sun during weekends/
holidays in the summer of the first year of life) based on our
previous findings of an association between this exposure and
risk of MS8 and because this would allow us to investigate
potential association with first relapse since disease onset. We

Glossary
aHR = adjusted hazard ratio;CIS = clinically isolated syndrome;DMT = disease-modifying treatment;MS =multiple sclerosis;
NMSS = National Multiple Sclerosis Society; NPMSC = Network of Pediatric MS Center; UVB = ultraviolet B; UVR =
ultraviolet radiation.
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secondarily investigated time spent in the sun during more
recent periods (weekends and holidays in the summer pre-
ceding study enrollment), which was also previously found to
be associated with risk of MS,8 and during prenatal stages
(duration of time that the biological mother spent in the sun
daily during each trimester). Data were recorded in 6 cate-
gories (never spent time in the sun, <30 minutes,
30 minutes–1 hour, 1–2 hours, 2–3 hours, and >3 hours daily)
and analyzed as a dichotomous variable (<30 minutes
and ≥30 minutes of daily time spent in the sun), based on the
distribution of exposures within our cohort and our previous
study, which demonstrated that spending ≥30 minutes in the
sun daily during the most recent summer was strongly asso-
ciated with lower risk of developing MS.8

Ambient UVR dose: Determination of ambient UVR dose was
previously described.8 UVR doses for prenatal (6 months
before birth) and recent (last summer and 6 months before
study enrollment) exposures were categorized into tertiles,
with the lowest tertile as the reference.

Other Study Variables and Definitions
Sun protection behavior index was calculated as previously
described,8 based on participant-reported use of sunscreen,
sunglasses, hat, clothes fully covering arms and legs, and
clothes exposing at least half of the forearms and legs, in the
most recent summer. Data were recorded in 4 categories and
assigned a numerical score: never (0), <50% of the time
(1), ≥50% of the time (2), and always (3). The numerical
scores for these self-reported measures were aggregated to
produce a single variable, sun protection behavior index, as
follows: overall use of sun protection = sunscreen + sunglasses
+ hat + clothes covering arms and legs–clothes exposing
forearms and legs.

Sun protection behavior during the prenatal period was
assessed through questions regarding the frequency with
which the biological mother wore a hat/veil and sun block and
her typical clothing (fully covered to mostly uncovered), in
each trimester of pregnancy.

Smoke exposure was based on the question “was the child
regularly exposed to tobacco smoke in the first year of life”
(yes/no).

Overweight/obese was defined as body mass index ≥85th
percentile for age and sex based on Center for Disease Con-
trol growth charts, calculated using participant weight and
height obtained at the closest visit within 180 days of study
enrollment, and represented as a dichotomous variable
(overweight/obese vs non-overweight/obese).

Skin tones of the participant and of the participant’s biological
mother at an unexposed skin site (inner upper arm) were self-
reported and included as a marker of sun sensitivity. Skin tone
was categorized as dark, olive, or fair.

Maternal education was defined as the highest education
obtained by the biological mother and collapsed into 3 cate-
gories: completion of secondary school or below, university
degree, and trade school or other.

Insurance type was defined as the most recent insurance
reported at the time of enrollment and categorized as com-
mercial, Medicaid, and other.

Statistical Analysis
Statistical analyses were performed using Stata version 15.1
(College Station, TX). Demographic and baseline clinical

Figure 1 Flowchart Depicting the Participants Included in Our Analyses
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Table 1 Demographic, Clinical, and Early Childhood Sun Exposure Characteristics of the Full Cohort and Separately
According to Relapse/No Relapse

Total (N = 334) No relapse (n = 128) Relapse (n = 206) p Value

Age at onset, yr, median (IQR) 15.2 (13.3–16.5) 15.5 (13.9–17.0) 14.8 (13.0–16.1) 0.004

Female sex, n (%) 210 (62.9) 83 (64.8) 127 (61.7) 0.56

Race, n (%) 0.38

White 232 (69.5) 93 (72.7) 139 (67.5)

Black 44 (13.2) 13 (10.2) 31 (15.0)

Asian 14 (4.2) 5 (3.9) 9 (4.4)

Other 22 (6.6) 6 (4.7) 16 (7.8)

Hispanic or Latino, n (%) 99 (29.6) 31 (24.2) 68 (33.0) 0.22

Insurance type 0.19

Commercial 192 (57.5) 76 (59.4) 116 (56.3)

Medicaid 88 (26.3) 27 (21.1) 61 (29.6)

Other 38 (11.4) 16 (12.5) 22 (10.7)

Maternal education 0.36

Secondary school or below 185 (55.4) 64 (50.0) 121 (58.7)

University degree 92 (27.5) 42 (32.8) 50 (24.3)

Trade school or other 38 (11.4) 15 (11.7) 23 (11.2)

Overweight/obese statusa, n (%) 164 (51.6) 55 (45.5) 109 (55.3) 0.09

Smoke exposure in first year of life, n (%) 56 (17.9) 19 (15.3) 37 (19.6) 0.34

Follow-up duration, from disease onset, yr, median (IQR) 3.3 (1.7–5.0) 2.4 (1.0–4.0) 3.8 (2.5–5.4) <0.001

DMT group, n (%) <0.001

No DMT 35 (10.5) 24 (18.8) 11 (5.3)

Lower efficacy 153 (45.8) 60 (46.9) 93 (45.1)

Intermediate efficacy 77 (23.1) 20 (15.6) 57 (27.7)

Higher efficacy 69 (20.7) 24 (18.8) 45 (21.8)

Sun protection behavior index, mean (SD) 5.5 (2.5) 5.5 (2.6) 5.5 (2.4) 0.72

Skin tone, n (%) 0.30

Dark 25 (7.5) 8 (6.2) 17 (8.3)

Olive 70 (21.0) 26 (20.3) 44 (21.4)

Fair 223 (66.8) 91 (71.1) 132 (64.1)

Birth season, n (%) 0.23

Winter 75 (22.5) 32 (25.0) 43 (20.9)

Spring 77 (23.1) 30 (23.4) 47 (22.8)

Summer 91 (27.2) 27 (21.1) 64 (31.1)

Fall 91 (27.2) 39 (30.5) 52 (25.2)

Time spent in the sun daily in the
summer of the first year of life, n (%)

<0.001

<30 min 182 (54.5) 64 (50.0) 118 (57.3)

30 min-1 h 75 (22.5) 41 (32.0) 34 (16.5)

Continued
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characteristics were summarized by standard descriptive
measures and compared between relapse and nonrelapse
groups and between sun exposure groups using the χ2 test for
categorical variables and the Wilcoxon rank-sum test for
continuous variables. Cox proportional hazard regression
models were analyzed to assess the associations between sun
exposure variables and time to relapse. For our investigations
of early childhood and prenatal sun exposures, the outcome
measure was time from disease onset to first relapse. For
investigation of more recent sun exposures, the outcome
measure was time from study enrollment to the first relapse
after enrollment. Kaplan-Meier curves were used to depict the
association between sun exposure and time to relapse. To
examine early childhood sun exposure, the multivariable Cox
proportional hazard regression model was adjusted for age at
disease onset, sex, race, ethnicity, insurance type, maternal
education, overweight/obese status, tobacco exposure in the
first year of life, DMT category, participant’s skin tone, sun
protection behavior index, and season of birth. Models ex-
amining prenatal sun exposure (time spent in the sun each
trimester) were adjusted for the same covariates, but we
substituted biological mother’s skin tone and sun protection
behaviors by corresponding trimester in place of participant’s
skin tone and sun protection behavior index; for the model
examining UVR dose in the 6 months before birth, we spe-
cifically used second-trimester maternal sun protection
behaviors. Models examining recent sun exposures were ad-
justed for the same covariates as those for early childhood sun
exposure, except season of birth, and further adjusted for
serum 25(OH)D and disease duration at the time of enroll-
ment. Covariates were chosen because they were known to
possibly change risk of relapse or associate with disease ac-
tivity or were believed to modulate UVR absorption. Notably,
although skin tone and race/ethnicity were correlated, they
are not identical because race is a social construct and both
race and ethnicity carry associations related to social deter-
minants of health; likelihood ratio tests also suggested that the
model including all three of these covariates was superior to
a model with some or none of these variables. We did not
adjust for multiple comparisons because while this decreases
the risk of false positives, it also increases the risk of false
negatives, particularly when sample sizes are smaller.14

Multiplicative and additive interactions between sun exposure
variables and smoke exposure, as well as between statistically
significant sun exposure variables, were also tested; additive
interactions were calculated according to the delta method.15

Multiplicative interactions between sun exposure variables and
season of birth were further tested. Model checking, including
testing for proportional hazards, was performed. A p value less
than 0.05 was considered statistically significant for all analyses.

Multiple imputation using chained equations was used for all
multivariable analyses because of over 10% missingness in
several variables. Fifteen imputed data sets were created using
age, sex, race, ethnicity, insurance type, maternal education,
overweight/obese status, smoke exposure, 25(OH)D, disease
duration at time of enrollment, follow-up duration, DMT use,
birth season, sun protection behavior index, skin tone, ma-
ternal skin tone and sun protection behaviors, and sun ex-
posure variables (time spent in the sun and ambient UVR
dose). Missing values were imputed for this same set of var-
iables unless a variable had no missingness.

We also performed sensitivity analyses excluding participants
with missing data for the sun exposure variables of interest.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Human Research Protection
Institutional Review Board of all the participating centers
including the University of California San Francisco. Before
participation, parents/guardians provided written informed
consent on behalf of participants aged younger than 18 years;
older participants provided written informed consent on their
own behalf.

Data Availability
Participant data are securely stored electronically at the Data
Coordinating and Access Center of the Network of Pediatric
Multiple Sclerosis Centers (NPMSC) registry, which is lo-
cated at the University of Utah in Salt Lake City, US. Anon-
ymous raw data can be accessed on reasonable request to the
corresponding author, subject to approval from the NPMSC
steering committee.

Table 1 Demographic, Clinical, and Early Childhood Sun Exposure Characteristics of the Full Cohort and Separately
According to Relapse/No Relapse (continued)

Total (N = 334) No relapse (n = 128) Relapse (n = 206) p Value

1–2 h 28 (8.4) 14 (10.9) 14 (6.8)

2–3 h 6 (1.8) 0 (0.0) 6 (2.9)

>3 h 7 (2.1) 3 (2.3) 4 (1.9)

Abbreviations: IQR = interquartile range; DMT = disease-modifying therapy.
The following variables displayedmissingness: race (6.6%), ethnicity (3.3%), insurance type (4.8%),maternal education (5.7%), overweight/obese status (4.8%),
smoke exposure in the first year of life (6.3%), sun protection behavior index (10.2%), participant skin tone (4.8%), and time spent in the sun in the first year of
life (10.8%).
a Body mass index (BMI) ≥85th percentile for age and sex.
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Table 2 Prenatal Sun Exposures and Maternal Sun-Related Behaviors

Total (n = 334) No relapse (n = 128) Relapse (n = 206) p Value

UVR dose in the 6 months before birth, n (%) 0.07

Tertile 1a 114 (34.1) 36 (28.1) 78 (37.9)

Tertile 2b 110 (32.9) 41 (32.0) 69 (33.5)

Tertile 3c 110 (32.9) 51 (39.8) 59 (28.6)

First trimester

Time spent in the sun daily in the first trimester, n (%) 0.61

Never spent time in sun 12 (3.6) 3 (2.3) 9 (4.4)

<30 min 99 (29.6) 34 (26.6) 65 (31.6)

30 min-1 h 95 (28.4) 43 (33.6) 52 (25.2)

1–2 h 52 (15.6) 21 (16.4) 31 (15.0)

2–4 h 12 (3.6) 3 (2.3) 9 (4.4)

≥4 h 8 (2.4) 3 (2.3) 5 (2.4)

Frequency with which the biological mother wore hat/veil, n (%) 0.52

<50% of the time 303 (90.7) 116 (90.6) 187 (90.8)

≥50% of the time 24 (7.2) 8 (6.2) 16 (7.8)

Most common type of clothing the biological mother usually wore, n (%) 0.54

Fully covered 44 (13.2) 15 (11.7) 29 (14.1)

Partly covered 106 (31.7) 37 (28.9) 69 (33.5)

Mostly covered 83 (24.9) 33 (25.8) 50 (24.3)

Bathing suit 12 (3.6) 7 (5.5) 5 (2.4)

Frequency with which the biological mother used sun block, n (%) 0.60

Never 151 (45.2) 54 (42.2) 97 (47.1)

<50% of the time 88 (26.3) 38 (29.7) 50 (24.3)

≥50% of the time 47 (14.1) 16 (12.5) 31 (15.0)

Second trimester

Time spent in the sun daily in the second trimester, n (%) 0.34

Never spent time in sun 12 (3.6) 3 (2.3) 9 (4.4)

<30 min 93 (27.8) 28 (21.9) 65 (31.6)

30 min-1 h 96 (28.7) 45 (35.2) 51 (24.8)

1–2 h 53 (15.9) 22 (17.2) 31 (15.0)

2–4 h 21 (6.3) 8 (6.2) 13 (6.3)

≥4 h 3 (0.9) 1 (0.8) 2 (1.0)

Frequency with which the biological mother wore hat/veil, n (%) 0.55

<50% of the time 301 (90.1) 115 (89.8) 186 (90.3)

≥50% of the time 26 (7.8) 9 (7.0) 17 (8.3)

Most common type of clothing the biological mother usually wore, n (%) 0.89

Fully covered 48 (14.4) 17 (13.3) 31 (15.0)

Partly covered 100 (29.9) 36 (28.1) 64 (31.1)

Continued
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Results
Participant Characteristics
The full study cohort comprised 334 children with MS, 206
(62%) of whom experienced at least one relapse from disease

onset to the end of the follow-up period (Figure 1). De-
mographic, clinical, and early childhood sun exposure char-
acteristics are presented in Table 1 for the entire cohort and
separately for the group of participants who experienced re-
lapse and for those without relapse. On univariate analyses,

Table 2 Prenatal Sun Exposures and Maternal Sun-Related Behaviors (continued)

Total (n = 334) No relapse (n = 128) Relapse (n = 206) p Value

Mostly covered 87 (26.0) 35 (27.3) 52 (25.2)

Bathing suit 10 (3.0) 5 (3.9) 5 (2.4)

Frequency with which the biological mother used sun block, n (%) 0.28

Never 155 (46.4) 55 (43.0) 100 (48.5)

<50% of the time 85 (25.4) 38 (29.7) 47 (22.8)

≥50% of the time 46 (13.8) 14 (10.9) 32 (15.5)

Third trimester

Time spent in the sun daily in the third trimester, n (%) 0.64

Never spent time in sun 13 (3.9) 4 (3.1) 9 (4.4)

<30 min 93 (27.8) 33 (25.8) 60 (29.1)

30 min-1 h 105 (31.4) 48 (37.5) 57 (27.7)

1–2 h 47 (14.1) 15 (11.7) 32 (15.5)

2–4 h 13 (3.9) 4 (3.1) 9 (4.4)

≥4 h 7 (2.1) 3 (2.3) 4 (1.9)

Frequency with which the biological mother wore hat/veil, n (%) 0.23

<50% of the time 303 (90.7) 118 (92.2) 185 (89.8)

≥50% of the time 24 (7.2) 6 (4.7) 18 (8.7)

Most common type of clothing the biological mother usually wore, n (%) 0.44

Fully covered 54 (16.2) 20 (15.6) 34 (16.5)

Partly covered 89 (26.6) 29 (22.7) 60 (29.1)

Mostly covered 95 (28.4) 39 (30.5) 56 (27.2)

Bathing suit 6 (1.8) 4 (3.1) 2 (1.0)

Frequency with which the biological mother used sun block, n (%) 0.59

Never 161 (48.2) 58 (45.3) 103 (50.0)

<50% of the time 83 (24.9) 36 (28.1) 47 (22.8)

≥50% of the time 42 (12.6) 14 (10.9) 28 (13.6)

Biological mother’s skin tone, n (%) 0.09

Dark 30 (9.0) 7 (5.5) 23 (11.2)

Olive 73 (21.9) 27 (21.1) 46 (22.3)

Fair 219 (65.6) 92 (71.9) 127 (61.7)

Abbreviation: UVR = ultraviolet radiation.
The following variables displayed missingness: time spent in the sun in the first trimester (16.8%), second trimester (16.8%), and third trimester (16.8%);
amount of time themother wore hat/veil in the first trimester (2.1%), second trimester (2.1%), and third trimester (2.1%); most common type of clothing worn
by themother in the first trimester (26.6%), second trimester (26.6%), and third trimester (26.9%); frequency with which themother used sun block in the first
trimester (14.4%), second trimester (14.4%), and third trimester (14.4%); and maternal skin tone (3.6%).
a 1.1–1.7 kJ/m2.
b 1.7–3.6 kJ/m2.
c 3.7–7.2 kJ/m2.
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Table 3 Demographic, Clinical, and Sun Exposure Characteristics for the Subset in Which Recent Sun Exposures Were
Examined

Total (n = 289) No relapse (n = 170) Relapse (n = 119) p Value

Age at onset, yr, median (IQR) 15.2 (13.4–16.4) 15.2 (13.4–16.4) 15.0 (13.3–16.4) 0.65

Female sex, n (%) 186 (64.4) 113 (66.5) 73 (61.3) 0.37

Race, n (%) 0.96

White 198 (68.5) 114 (67.1) 84 (70.6)

Black 37 (12.8) 23 (13.5) 14 (11.8)

Asian 14 (4.8) 8 (4.7) 6 (5.0)

Other 20 (6.9) 13 (7.6) 7 (5.9)

Hispanic or Latino, n (%) 91 (31.5) 43 (25.3) 48 (40.3) 0.008

Insurance type 0.13

Commercial 162 (56.1) 96 (56.5) 66 (55.5)

Medicaid 81 (28.0) 41 (24.1) 40 (33.6)

Other 33 (11.4) 23 (13.5) 10 (8.4)

Maternal education 0.35

Secondary school or below 168 (58.1) 94 (55.3) 74 (62.2)

University degree 78 (27.0) 51 (30.0) 27 (22.7)

Trade school or other 32 (11.1) 17 (10.0) 15 (12.6)

Overweight/obese statusa, n (%) 146 (52.9) 83 (51.2) 63 (55.3) 0.51

Smoke exposure in the first year of life, n (%) 47 (17.3) 25 (15.6) 22 (19.8) 0.37

Disease duration at enrollment, yr, median (IQR) 0.6 (0.2–1.2) 0.7 (0.3–1.4) 0.4 (0.2–0.9) 0.001

Follow-up duration, from study enrollment, yr, median (IQR) 2.7 (1.6–4.1) 2.2 (1.2–3.5) 3.7 (2.3–4.9) <0.001

DMT group, n (%) 0.008

No DMT 21 (7) 18 (11) 3 (3)

Lower efficacy 127 (44) 78 (46) 49 (41)

Intermediate efficacy 74 (26) 34 (20) 40 (34)

Higher efficacy 67 (23) 40 (24) 27 (23)

Time spent in the sun daily during the most recent summer, during weekends, n (%) 0.87

<30 min 58 (20.1) 33 (19.4) 25 (21.0)

30 min-1 h 62 (21.5) 35 (20.6) 27 (22.7)

1–2 h 50 (17.3) 29 (17.1) 21 (17.6)

2–3 h 45 (15.6) 30 (17.6) 15 (12.6)

>3 h 60 (20.8) 36 (21.2) 24 (20.2)

Time spent in the sun daily during the most recent summer, during holidays, n (%) 0.86

<30 min 52 (18.0) 30 (17.6) 22 (18.5)

30 min-1 h 67 (23.2) 37 (21.8) 30 (25.2)

1–2 h 43 (14.9) 24 (14.1) 19 (16.0)

2–3 h 41 (14.2) 27 (15.9) 14 (11.8)

>3 h 65 (22.5) 38 (22.4) 27 (22.7)

Continued
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there were no significant associations between skin tone, race,
ethnicity, or sun protection score and early childhood sun
exposure (data not shown). Prenatal sun exposure factors are
presented in Table 2.

Of the full study cohort, a subset of 289 children (87%) had
follow-up beyond study enrollment (Figure 1). This subset
was used to study more recent sun exposures and was sepa-
rated into those who experienced a relapse between study
enrollment and the end of the follow-up period (119 children,
41%) and those who did not experience relapse within this
period (170 children, 59%). The demographic, clinical, and
sun exposure characteristics of this subset are presented in
Table 3.

Sun Exposure
Univariable and multivariable associations between all sun
exposure variables and time to relapse are shown in Figure 2.

Early Childhood Sun Exposure
In univariable analysis, spending 30 minutes or more in the sun
daily in the summer of the first year of life was associated with
a lower risk of relapse compared with spending <30 minutes in

the sun (HR 0.65, CI 0.48–0.90, p = 0.008; Figure 3). This
finding was retained in the multivariable analysis adjusting for
a wide range of demographic and clinical features (adjusted
hazard ratio [aHR] 0.67, CI 0.48–0.92, p = 0.01).

Other significant or near-significant factors associated with
increased risk of relapse in this model were summer birth
season (aHR 1.63, CI 1.09–2.44, p = 0.02; compared with
winter birth season) and treatment with mid-efficacy DMT
(aHR 1.82, CI 0.93–3.55, p = 0.08; compared with no DMT
use) or high-efficacy DMT (aHR 1.83, 0.92–3.64, p = 0.08;
compared with no DMT use) (eTable 1, model 1). We did
not find significant interaction effect between time spent in
the sun in the summer of the first year of life and season of
birth or smoke exposure in the first year of life on relapse risk.

Prenatal Sun Exposure
Spending 30 minutes or more in the sun daily during the
second trimester of pregnancy was significantly associated
with a lower risk of relapse (Figure 4). This relationship
remained on multivariable analysis, after adjusting for various
covariates (aHR 0.68, CI 0.48–0.97, p = 0.04) (eTable 2,
model 2). Time spent in the sun in the first and third

Table 3 Demographic, Clinical, and Sun Exposure Characteristics for the Subset in Which Recent Sun Exposures Were
Examined (continued)

Total (n = 289) No relapse (n = 170) Relapse (n = 119) p Value

UVR dose in the summer before enrollment, n (%) 0.73

Tertile 1b 101 (34.9) 57 (33.5) 44 (37.0)

Tertile 2c 92 (31.8) 57 (33.5) 35 (29.4)

Tertile 3d 96 (33.2) 56 (32.9) 40 (33.6)

UVR dose in the 6 months before enrollment, n (%) 0.09

Tertile 1e 94 (32.5) 55 (32.4) 39 (32.8)

Tertile 2f 99 (34.3) 66 (38.8) 33 (27.7)

Tertile 3g 96 (33.2) 49 (28.8) 47 (39.5)

Serum 25(OH)D concentration (ng/mL), median (IQR) 26.6 (19.4–37.5) 28.4 (20.9–39.7) 23.4 (18.1–36.1) 0.02

Sun protection behavior index, mean (SD) 5.5 (2.5) 5.6 (2.5) 5.4 (2.4) 0.84

Skin tone, n (%) 0.59

Dark 19 (6.6) 12 (7.1) 7 (5.9)

Olive 66 (22.8) 34 (20.0) 32 (26.9)

Fair 189 (65.4) 115 (67.6) 74 (62.2)

Abbreviations: 25(OH)D = 25-hydroxyvitamin D; DMT = disease-modifying therapy; IQR = interquartile range; UVR = ultraviolet radiation.
The following variables displayedmissingness: race (6.9%), ethnicity (3.1%), insurance type (4.5%),maternal education (3.8%), overweight/obese status (4.5%),
smoke exposure in the first year of life (6.2%), time spent in the sun in the most recent summer weekends (4.8%) and holidays (7.3%), 25(OH)D (4.3%), sun
protection behavior index (9.5%), and skin tone (5.2%).
a Body mass index (BMI) ≥85th percentile for age and sex.
b 2.8–4.0 kJ/m2.
c 4.1–5.3 kJ/m2.
d 5.4–6.8 kJ/m2.
e 0.4–2.2 kJ/m2.
f 2.2–3.6 kJ/m2.
g 3.6–6.5 kJ/m2.
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trimesters of pregnancy was not significantly associated with
relapse risk. Greater UVR dose in the 6 months before birth
(third tertile compared with the first tertile) was associated
with a decreased risk of relapse on univariable analysis (HR
0.69, CI 0.49–0.96, p = 0.03), although this was not robust to
adjustment (aHR 0.62, CI 0.29–1.30, p = 0.20) (Figure 2).

Notably, on Wilcoxon rank-sum testing, there was a significant
difference between the median UVR dose in the 6 months
before birth for those with <30 minutes of daily sun exposure
during the second trimester (median 2.10 kJ/m2, range
0.463–2.60 kJ/m2) compared with those with ≥30 minutes of
daily sun exposure during the second trimester (median
2.79 kJ/m2, range 0.113–7.167 kJ/m2). However, in a multi-
variable model including both the UVR dose in the 6 months
before birth and time spent in the sun during the second tri-
mester, the second trimester sun exposure remained significant
(aHR 0.69, CI 0.48–0.99, p = 0.04) while UVR dose was not
(aHR 0.82, CI 0.57–1.20, p = 0.30). There were also no sig-
nificant multiplicative interactions between these 2 sun expo-
sure variables.

Summer birth season and smoke exposure in the first year of
life were significantly associated with increased hazard of
relapse in several of these models (eTable 2, models 1–3).
There were no multiplicative or additive interactions be-
tween time spent in the sun during the second trimester and
smoke exposure in the first year of life or birth season on
relapse risk. There was also no evidence of interaction be-
tween time spent in the sun during the second trimester
and time spent in the sun in the first summer of life on
relapse risk.

More Recent Sun Exposure
There was no significant association between more recent sun
exposure, including time spent in the sun on weekends and
holidays in the summer before enrollment and UVR dose in
the summer and 6 months before enrollment, and risk of
relapse after study enrollment (Figure 2). Among the cova-
riates included in the full multivariable models, disease du-
ration at time of enrollment was found to be protective, with
each additional year of disease associated with nearly 40%
decreased risk of relapse after study enrollment (eTable 3,

Figure 2 Association Between Sun Exposure at Various Periods of Life and Risk of Relapse

aCompared with <30 minutes spent in the sun daily (N = 334); adjusted for age at disease onset, sex, race, ethnicity, insurance type, maternal education,
overweight/obese status, tobacco exposure in the first year of life, DMT category, participant’s skin tone, sun protection behavior index, and season of birth.
bCompared with UVR dose in the 6 months before birth, 1st tertile (N = 334); adjusted for age at disease onset, sex, race, ethnicity, insurance type, maternal
education, overweight/obese status, tobacco exposure in the first year of life, DMT category, season of birth, biologicalmother’s skin tone, amount of time the
biological mother wore hat/veil in the second trimester, most common type of clothing worn by the biological mother in the second trimester, and frequency
withwhich thebiologicalmother used sunblock in the second trimester. cComparedwith <30minutes in the sun daily during the corresponding trimester (N =
334); adjusted for age at disease onset, sex, race, ethnicity, insurance type,maternal education, overweight/obese status, tobacco exposure in the first year of
life, DMT category, season of birth, biological mother’s skin tone, amount of time the biological mother wore hat/veil in the corresponding trimester, most
common type of clothing worn by the biological mother in the corresponding trimester, frequency with which the biological mother used sun block in the
corresponding trimester. dCompared with <30 minutes in the sun daily during the most recent summer (weekends, holidays) (N = 289); adjusted for age at
disease onset, sex, race, ethnicity, insurance type, maternal education, overweight/obese status, tobacco exposure in the first year of life, DMT category,
participant’s skin tone, sun protection behavior index, serum 25(OH)D level, and disease duration at the time of study enrollment. eCompared with UVR dose
in the summer before enrollment, 1st tertile (N = 289); adjusted for age at disease onset, sex, race, ethnicity, insurance type, maternal education, overweight/
obese status, tobacco exposure in the first year of life, DMT category, participant’s skin tone, sun protection behavior index, serum 25(OH)D level, and disease
duration at the time of study enrollment. fComparedwith UVR dose in the 6months before enrollment, 1st tertile (N = 289); adjusted for age at disease onset,
sex, race, ethnicity, insurance type, maternal education, overweight/obese status, tobacco exposure in the first year of life, DMT category, participant’s skin
tone, sun protection behavior index, serum25(OH)D level, and disease duration at the time of study enrollment. HR = hazard ratio; UVR = ultraviolet radiation.
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models 1–4). Smoke exposure in the first year of life and
25(OH)D levels were not significantly associated with relapse
risk in these models.

Sensitivity Analyses
After excluding participants with missing data for time spent
in the sun in the first summer of life (n = 298) and for time

Figure 3 Kaplan-Meier Survival Curve for Time to First Relapse After Disease Onset for Participants With <30 Minutes
and ≥30 Minutes of Sun Exposure/Day During the First Summer of Life (Before Multiple Imputation)

Figure 4 Kaplan-Meier Survival Curve for Time to First Relapse After Disease Onset for Participants With <30 Minutes
and ≥30 Minutes of Sun Exposure/Day by the Biological Mother During the Second Trimester of Pregnancy
(Before Multiple Imputation)
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spent in the sun in the second trimester (n = 278), greater sun
exposure in these periods remained significantly associated
with decreased risk of relapse (eTable 4).

Additional Analyses
To further test for the potential for recall bias, participants were
separated into those who had experienced their first relapse
before (n = 135) vs after (n = 71) study enrollment. In χ2

analyses, there were no significant associations between having
experienced first relapse before vs after study enrollment and
sun exposure in the first summer of life (<30 minutes vs ≥30
minutes), or with sun exposure during the second trimester of
pregnancy (<30 minutes vs ≥30 minutes).

Discussion
In this pediatric cohort study investigating the effect of sun
exposure at various life stages on prospective MS course, we
found that higher levels of early childhood sun exposure,
specifically spending 30 minutes or more (compared with less
than 30 minutes) outdoors in the sun in the first summer of
life, were associated with a reduced risk of relapse. We found
a similarly protective effect with greater sun exposure in the
second trimester of pregnancy. These novel findings suggest
that sun exposure in early development may have long-lasting
benefits on subsequent MS course, possibly through modu-
lation of the immune response.

A prospective cohort study of patients with a first de-
myelinating event in adulthood found that higher summer
UVR loads during childhood and adolescence were signifi-
cantly associated with reduced risk of conversion to MS.7 The
study also found that higher summer UVR load and absolute
durations of sun exposure, specifically at younger ages
(6–10 years of age), were associated with a reduced relapse
risk, although sun exposure at even younger ages was not
available.7 Our study furthers these observations, demon-
strating a significant protective effect of even earlier sun
exposures on relapse risk in the pediatric population. As
expected, our cohort had overall lower sun exposure in the
first summer of life compared with the general population,
based on comparison with the control group from our earlier
case-control study on sun exposure and MS risk.8

We also demonstrated that greater time spent in the sun by
the mother during the second trimester of pregnancy was
associated with a reduced risk of relapse in the offspring.
While it did not reach statistical significance on multivariable
analysis, our finding of the protective effect of greater UVR
exposure in the 6 months before birth (which would corre-
spond to the second trimester) further supports this finding,
through a more direct measurement of sun exposure. Prior
studies have examined the effect of prenatal sun exposure on
disease risk, though they did not examine effect on disease
course. A large Australian cross-sectional study found that
greater UVR exposure in the first trimester and early second
trimester was associated with a lower risk of adult-onset MS.16

Our previous case-control study did not find a significant
association between UVR exposure before birth and risk of
pediatric-onset MS.8 The mechanism by which second tri-
mester sun exposure would modulate relapse risk is unclear
but may be related, for example, to maternal serum vitamin D
concentrations or sun-mediated immune effect on dendritic
cells and the developing fetal nervous or immune system.17-19

We did not find any association between sun exposure just
before study enrollment and time to next relapse after en-
rollment. This may be attributable to the choice of exposures
and outcome because both were assessed relative to study
enrollment rather than disease onset. Although our cohort
had short disease duration at enrollment, it is possible that
examining sun exposure just before clinical disease onset and
the relationship with time to first relapse from disease onset
would be more elucidative and serve to test these hypotheses.
Of interest, a study in the adult population similarly found no
significant association betweenUVR exposure during the time
after the first demyelinating event and risk of MS conversion
or relapse.7 However, patients who increased their sun ex-
posure during the follow-up period had a significantly reduced
risk of MS conversion or relapse compared with those not
changing sun exposure behavior, suggesting an overall pro-
tective effect on disease course.

The mechanism by which sun exposure modulates relapse risk
is unclear. Previous studies have suggested that UVR may have
both vitamin D3–dependent and vitamin D3–independent
immunomodulating effects.20-22 In light of the null findings
from clinical trials testing vitamin D supplementation for pre-
vention of MS progression,23-27 UVR exposure may serve as an
alternative focus for intervention. The only randomized con-
trolled trial of narrowband ultraviolet B (UVB) radiation to
date, for patients with CIS, did not reach its recruitment target
but found that 100% of those in the “no phototherapy” arm and
70% of those in the “phototherapy” arm converted to MS
within 12 months, although this did not reach statistical sig-
nificance.28 Further investigation into the potential for UVB
phototherapy to slow MS progression is warranted.

Of interest, we found that summer birth season was associated
with a higher risk of relapse, compared with winter birth season.
Given our findings on the protective effect of early childhood
and second trimester sun exposures, we hypothesize that this
may be partly due to patients born in the summer having less
overall sun exposure in their first year of life because they may
have been intentionally sheltered from direct sunlight because
of being a newborn; in addition, the second trimester of
pregnancy for patients with summer birthdays would have been
in winter, with subsequently less sun exposure. Notably, our
findings contrast with the few previous studies in adult-onset
MS, which revealed inconsistent results.29,30

In studies preceding broad vitamin D supplementation in
patients with MS, lower serum 25(OH)D was associated with
higher relapse rate in pediatric and adult MS.31,32 We could
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not replicate this finding in our analyses, likely because our
serum 25(OH)D measurement was obtained on average
more than one year after disease onset and most patients were
supplemented. For this reason, we did not include serum
25(OH)D in our models testing early childhood and prenatal
sun exposures.

Our finding of lower risk of relapse with longer disease du-
ration at enrollment in our models testing more recent sun
exposures may be due to patients with earlier diagnoses
having had time to trial different DMTs and optimize efficacy.
The association of mid-efficacy and high-efficacy DMTs with
increased risk of relapse is likely due to reverse causality be-
cause higher efficacy treatment is often reserved for patients
withMS with a more aggressive disease course or early clinical
or MRI features associated with worse prognosis. Our finding
that second-hand smoke exposure was near-significantly as-
sociated with relapse risk in several of the models, though with
no evidence of interaction with sun exposure, merits further
investigation. While exposure to cigarette smoke is a risk
factor for development of pediatric-onset MS,33,34 the asso-
ciation with relapse risk has not been previously described.

Our study possesses several strengths. We used a robust
multifactorial approach to measure sun exposure, in-
corporating self-reported time spent outdoors and satellite
data on ambient UVR dose, as well as measures of sun pro-
tection and skin tone.35 The criteria for defining cases and the
questionnaire used in this study have been previously vali-
dated.8 Furthermore, our cohort was large, diverse, and
recruited frommultiple study centers with prospective follow-
up, enhancing the generalizability of our findings.

Recall error is a possible limitation because questionnaire data
on sun exposure and use of sun protection were retrospec-
tively obtained. Because sun exposure as a risk factor of re-
lapse is not well established, any bias is most likely
nondifferential and thus would bias the effect estimate toward
the null. Furthermore, in our post hoc analysis, there were no
significant associations between experiencing first relapse
before vs after study enrollment and time spent in the sun in
the first summer of life or during the second trimester, which
is reassuring against a major role of recall bias. There were also
missing data for several variables, including sun exposure
variables; however, we were able to replicate our key findings
on sensitivity analyses excluding those participants with
missing sun exposure variables. It is possible that maternal
sun-related behaviors during pregnancy were similar to those
of the family during the participant’s early childhood, and
thus, our findings may be closely correlated. There is also
a possibility that patients changed their sun-related behaviors
on MS diagnosis or after enrollment in the study, although
there are no current recommendations regarding sun expo-
sure for people with MS. We were not able to fully investigate
vitamin D status as a risk factor or confounder because we had
only a single serum 25(OH)D level from study enrollment
and could not account for vitamin D supplementation. We

also could not exclude the effects of other potential con-
founders, such as exercise. Finally, we were not able to ac-
count for the potential effect of MS genetic risk variants.

In summary, this study demonstrated a protective association
between early childhood and prenatal sun exposures and
pediatric MS relapse risk. Future studies examining ambient
UVR dose at these specific early periods would help to vali-
date our findings. Further investigation of sun exposure at
other periods, both before disease onset and prospectively
after diagnosis, is needed to better characterize the association
between sun exposure and disease course and guide future
clinical trials.
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