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Abstract

Background and Objectives Multiple sclerosis (MS) is a demyelinating disease of the central nervous system. Its etiology
may involve both genetic and environmental factors, including vitamin D levels, body mass index, infections, and smoking.
This is the first comprehensive systematic review with meta-analysis that synthesizes and explore the role of many environ-
mental risk factors in the etiology of MS.

Methods A systematic search of MEDLINE, SciVerse ScienceDirect and Web of Science were conducted for any original
peer-reviewed article that included adult subjects diagnosed with and without MS that were exposed to any environmental
risk factor. We did not set any time restrictions. Data were extracted and the quality assessment was performed with the
Critical Appraisal Checklist for Case Control Studies. All the information was synthesized qualitatively and quantitatively
(meta-analysis). We used the random-effects model based on the binomial distribution to calculate the pooled effects sizes
(ES) regarding the risk of developing MS according to each potential risk factor.

Results One-hundred thirty-two publications met all the eligibility criteria and were included in the review. Overall, 109,626
people with MS and 16,724,390 controls from 38 countries were included in the review. A total of 42 environmental risk fac-
tors were investigated as potential risk factors for MS. Among the various statistically significant associations, the pooled ES
revealed a direct association between serological evidence of contact with EBV (ES=1.96, 95% CI=1.53-2.51), herpes virus
type 6 (HHV-6) (ES=2.84, 95% CI=2.08-3.89) and varicella-zoster virus (ES=1.33, 95% CI=1.08-1.63) and the occur-
rence of MS. Similarly, smoking was associated with a greater likelihood of having MS (ES=1.43,95% CI=1.27-1.61).
Vitamin D levels at any time were negatively associated with the proportion of cases of MS and had a moderate pooled ES
(g=-0.48,95% CI=-0.88-0.09). Adult BMI was not associated with MS.

Discussion This review furnishes a broad and detailed overview of the potential environmental risk factors associated with
MS. Our findings hold notable implications for public health policies, clinical practices, and the focus of future research.

keywords Demyelinating diseases - multiple sclerosis - environmental - risk factors - neuroepidemiology

P4 Bruno Kusznir Vitturi Centre for Preventive Neurology, Wolfson Institute

z_azul @hotmail.com of Population Health, Queen Mary University of London,
London ECIM 6BQ, UK

Department of Neurology, University Hospital 6

Schleswig-Holstein, Campus Kiel and Kiel University,

Arnold-Heller-Str 3, 24105 Kiel, Germany

Menzies Institute of Medical Research, University

of Tasmania, 17 Liverpool Street, Hobart, TAS 7000,
Australia

Department of Neuroscience, Rehabilitation, Ophthalmology, 7
Genetics, and Mother-Child Health (DINOGMI), University

of Genoa, Genoa, Italy

Department of Multiple Sclerosis Therapeutics, School
of Medicine and Multiple Sclerosis and Neuromyelitis Optica
Center, Fukushima Medical University, Southern TOHOKU
3 UMR 6051, EHESP, CNRS, Inserm, ARENES, RSMS U Research Institute for Neuroscience, Koriyama, Japan

1309, Rennes University, Rennes, France

Department of Neurology, of Biological Chemistry
and Biophysics, Fleni, Institute, CONICET/University
of Buenos Aires, Buenos Aires, Argentina

Published online: 15 July 2025 @ Springer


http://orcid.org/0000-0002-2821-9042
http://crossmark.crossref.org/dialog/?doi=10.1007/s00415-025-13248-0&domain=pdf

513 Page 2 of 16

Journal of Neurology ~ (2025) 272:513

Introduction

Multiple sclerosis (MS) is the most common demyelinat-
ing disease of the Central Nervous System (CNS) affecting
at least 2.8 millions of individuals worldwide [1]. Despite
current knowledge about MS pathogenesis and increasing
understanding around immune cell dysfunction resulting in
demyelination, inflammation, and axonal damage, [2] there
remain many unanswered questions about disease aetiology.

In high-risk countries MS incidence is estimated to be
around 5-20 per 100,000 inhabitants with recent estimates
highlighting a significant increase over recent decades
[3]. MS is caused by the interplay of genetic and envi-
ronmental factors. Large genome wide association studies
have indicated the role of genetic predisposition in MS
aetiology, in particular the expression of specific alleles
in immune response regulatory genes [4]. However, this
genetic component alone cannot completely explain MS
pathogenesis, and in particular do not explain the rapid
increase in incidence observed over recent decades [3].

A multitude of environmental factors have been pro-
posed as potential contributors to the development of
MS. Among these, vitamin D levels [5], body mass index
(BMI) [6], infections including Epstein-Barr virus [7,
8], smoking [9] and gut microbiome [10] have emerged
as prominent candidates. These factors, diverse in their
nature and mechanism, collectively emphasize the need
for a holistic approach when investigating MS aetiology.
The investigation of environmental factors in MS is of
paramount importance for several compelling reasons.

First it offers the opportunity to uncover key insights
into the interplay between genes and the environment,
shedding light on potential mechanisms that underlie MS
development [11]. As genetic factors alone cannot account
for the increasing incidence of MS, understanding how
environmental factors interact with genetic predisposition
is important. This knowledge can facilitate the identifica-
tion of at-risk populations and inform targeted preventive
strategies [12]. Secondly, some of these environmental
factors are modifiable. For instance, lifestyle interventions
that address factors such as BMI [13] and smoking habits
[14] hold the potential to mitigate MS risk. By identifying
and understanding these modifiable risk factors, actionable
strategies to reduce the incidence and burden of MS can be
developed [14]. Thirdly, an exploration of environmental
factors may provide valuable insight into the mechanism
underpinning MS pathogenesis [11]. Each factor offers a
unique window into the complex interplay between the
immune system, the nervous system, and the environment.
As we delve deeper into the effects of these factors on MS
susceptibility and progression, we may uncover new path-
ways and targets for therapeutic intervention.
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Most reviews on environmental risk factors have been
narrative reviews [15, 16]. To the best of our knowledge,
there is no previous systematic review with meta-analysis
that comprehensively addresses all the environmental fac-
tors potentially linked to MS and already described in the
literature. In addition, previous meta-analyses of specific
risk factors are out of date, as this topic is of growing inter-
est and many original publications have been published
recently. A systematic review with a quantitative approach
may clarify the potential weight of multiple risk factors,
alongside providing the highest degree of evidence in the
field. This meta-analysis seeks to examine the current role
these environmental risk factors may play in MS develop-
ment. By synthesizing existing research on environmental
risk factors, we aim to contribute to a deeper understanding
of the multifaceted nature of MS aetiology.

Methods
Protocol and registration

The present systematic review was designed and performed
following the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) [17] statement (eTa-
ble 1). The protocol was registered in the International Pro-
spective Register of Systematic Reviews (PROSPERO) with
the registration number CRD42023470960. It was not neces-
sary to obtain approval from the local ethics committee or a
written consent form due to the design of the study, which
does not involve the direct recruitment of research subjects.

Data sources and search strategy

A systematic literature search was carried out using three
electronic academic databases—PubMed/MEDLINE,
SciVerse ScienceDirect, Web of Science—between Decem-
ber 2023 and July 2024. The detailed search strategy is pre-
sented in eTable 2. The search results were exported and
managed in Zotero (Corporation for Digital Scholarship—
version 6.0.27).

Study selection

After removing duplicate entries, titles and abstracts were
examined to assess the potential relevance of the publica-
tions and remove those that did not fit the topic. For all
the studies retrieved, two independent, previously trained
researchers (BKV and MC) reviewed the full text to deter-
mine their eligibility according to the pre-established inclu-
sion and exclusion criteria, each remaining blind to the oth-
er's decision. In the event of conflicting opinions, a senior
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researcher (MI) was consulted to promote discussion and
reach a consensus.

The inclusion criteria were as follows. We included
any original peer-reviewed publication that included adult
patients diagnosed with MS and whose characteristics were
compared with individuals who did not develop the disease.
The diagnosis should be supported by the current stand-
ard guidelines in effect during the study period and/or con-
firmed by a neurologist. All research subjects needed to have
recorded a measure of exposure to an environmental risk
factor during adulthood. Finally, we only included studies
with clear evidence that exposure to the risk factor occurred
or started prior to the MS diagnosis, even if the measurement
of the exposure was conducted after MS onset. This was
the case when the measure allowed for inferences, such as
serological evidence (IgG) of a previous infection combined
with a past positive medical history, or when the variable
was considered by the study authors to be stable over time
(e.g., obesity).

Environmental variable risk factors were defined as modi-
fiable, non-genetic elements in an individual's external con-
text that can influence the likelihood of developing a disease
or condition. Adulthood is defined as the stage that begins at
18 years of age and continues until death. The outcome of
the studies was MS diagnosis, with studies reporting non-
specific demyelinating events only not accepted. No time
restrictions were applied to the search or inclusion of stud-
ies. Publications written in English, Spanish, French, Italian
and Portuguese were accepted. Eligible studies included lon-
gitudinal case—control studies, nested case—control studies,
cross-sectional studies, and ecological studies. Publications
conceived as reviews, clinical trials, conference abstracts,
letters to the editor, expert opinions, commentaries, case
reports, case series and editorials were excluded. When more
than one publication reported from the same cohort/data set
and addressed the same variables, the most recent paper was
selected, and the other(s) excluded. Studies that investigated
the onset of MS in subjects with a preceding demyelinating
event (e.g., optic neuritis) or that compared cases to controls
diagnosed with other neurological diseases were excluded.
We also excluded studies with mixed variables or character-
istics — that is, environmental factors possibly involving an
important intrinsic component as well, such as sleep disor-
ders. We did not accept studies that evaluated a heterogene-
ous group of several specific variables as a potential risk
factor (e.g., studies that evaluated"vaccination"in general,
and not a specific vaccine). Some preliminary studies have
assessed the risk of detailed nutritional profiles and the risk
of MS. These studies were not included in this review due to
the inability to identify a clear and objective dietary profile
that could be grouped with other dietary profiles and studied
in a meta-analysis. Studies specifically addressing risk fac-
tors during childhood in the context of pediatric multiple

sclerosis were beyond the scope of this review and were
excluded. This decision was based on the distinct charac-
teristics of pediatric MS compared to its manifestation in
adults.

Exposure to any biological agent was defined as sero-
logical evidence of contact with the pathogen. Vaccination
status was accepted if self-reported or documented in any
vaccination record or certificate. Tobacco exposure was
classified as either active smoking or passive smoking,
defined as the inhalation of tobacco smoke by individu-
als other than the smoker. Vitamin D levels were classi-
fied based on serum concentrations of 25-hydroxyvitamin
D, following the Endocrine Society's recommendations
[18]. Deficiency was defined as levels below 20 ng/mL
(50 nmol/L), while insufficiency ranged from 20 to 29 ng/
mL (50-74 nmol/L). Sufficient levels were between 30 and
100 ng/mL (75-250 nmol/L).

BMI was used to classify weight status, adhering to the
World Health Organization (WHO) guidelines [19]. A BMI
between 18.5 and 24.9 was classified as normal weight,
representing a healthy range. Overweight was defined as a
BMI between 25 and 29.9, while obesity was categorized
as a BMI of 30.0 or higher. For the last two categories, the
number of participants classified in each subcategory was
compared with the remaining number of study participants.
Exposure to other environmental risk factors cited in the lit-
erature was considered valid if self-reported by the research
participant for any time prior to the MS diagnosis.

Data extraction

In addition to the number of cases and controls with MS and
the number of exposed and non-exposed participants in each
cohort, data on the first author, year of publication, country,
sample size, mean age, gender, mean disease duration and
mean Expanded Disability Status Scale (EDSS) history were
extracted and recorded. For publications lacking data on the
number of exposed and non-exposed individuals or cases
and controls, we contacted the corresponding author via
email to request additional information. Whenever our con-
tact attempt failed, the study was excluded from the analysis.
When a multicenter study provided results for each country,
the data were separated and analyzed individually. For mul-
ticenter studies without detailed discrimination of cohorts
by country, the entire sample was considered as a whole.
All extracted data were double checked one month after the
initial extraction to optimize reliability and minimize the
risk of bias. The quality assessment was performed with
the Critical Appraisal Checklist for Case Control Studies,
developed, and validated by the Joanna Briggs Institute. It
comprises ten questions for which researchers can answer
‘yes’, ‘no’, ‘unclear’ or ‘not applicable (NA)’ in response
to each item. The greater the number of ‘no’ or ‘unclear’
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selected, the greater the risk of bias in each category and in
each study. The critical appraisal was carried out considering
the variables of interest in our review. This step was also car-
ried out by two independent and previously trained research-
ers, always considering the opinion of a third researcher in
case of discrepancy.

Statistical analysis

All the information was synthesized qualitatively and quan-
titatively (meta-analysis). The environmental risk factors
found in the literature were grouped according to the main
thematic area and the number of studies available for each
risk factor. Based on the way the studies included in the
review reported the information, all the risk factors were
considered as categorical variables. We used the random-
effects model based on the binomial distribution to calcu-
late the pooled effects sizes regarding the risk of developing
MS according to each potential risk factor. Effect sizes (ES)
were calculated in log odd ratios and were then exponenti-
ated to be reported. Vitamin D levels were also analyzed
as numerical variables and, in this case, ES was measured
using Hedges'g. Studies were excluded from the analysis
if they used varying cut-off points for environmental vari-
ables, making it impossible to group them quantitatively. For
example, a study that assessed BMI by asking participants to
identify themselves in images of people with different body
compositions, while all the other studies calculated BMI
precisely. Or a study that classified vitamin D deficiency
without mentioning the cutoff point or using one not sup-
ported by any guideline. Potential influences on pooled esti-
mates were investigated using subgroup analyses and meta-
regression. The latter was only carried out only when there
were more than 10 studies in the analysis and considered
all the independent variables. Between-study heterogeneity
was assessed using the I” statistic and visually inspecting
the forest plot. We investigated the existence of publication
bias using Egger’s linear regression test and with the visual
inspection of the funnel plots. A p <0.05 was considered sta-
tistically significant. All statistical analyses were performed
using STATA/BE 17.0.

Results

A total of 173,277 publications matched the search terms.
After removing the duplicates, 31,841 publications were
screened by reading the title, abstract, and full text. Finally,
132 publications met all the eligibility criteria and were
included in the review (Fig. 1). The studies were carried
out in 38 countries from 6 continents: Australia, Canada,
China, Cuba, Cyprus, Denmark, Finland, France, Germany,
Hungary, Iceland, India, Indonesia, Iran, Ireland, Italy,

@ Springer

Japan, Jordania, Kuwait, Lebanon, Mexico, Morocco, Nor-
way, Poland, Portugal, Russia, Saudi Arabia, Serbia, Ser-
bia, South Africa, Spain, Sweden, Taiwan, The Netherlands,
Turkey, The United Kingdom, and The United States of
America. The median year of publication of the studies was
2015 (range: 1969-2023). The studies are fully described
in eTable 3.

Overall, 104,320 people with MS (PwMS) and
16,714,698 controls were included in the analysis. The
average age of PWMS varied from 23.4 to 52.6 years, and
the proportion of women ranged from 24.3 to 100.0%. The
quality of most publications was satisfactory (eTable 4). A
reduction in quality was most frequently observed due to not
assessing the possible confounding factors (Questions 6 and
7) and duration of exposure (Question 9). In this review, a
total of 42 environmental risk factors were investigated as
risk factors for MS.

Infections

There were 44 studies included in the review that investi-
gated the role of previous EBV infection on the risk of MS
(Fig. 2). This outcome was assessed through EBV serology,
which was performed using indirect immunofluorescence
(VCA) or anticomplement immunofluorescence (EBNA
complex, EBNA-1, EBNA-2) to detect IgG antibodies.
The pooled ES revealed a positive association between
EBYV infection and the occurrence of MS (ES =1.96, 95%
CI=1.53-2.51). There was no publication bias in this
analysis.

The possible influence of other 18 different infections on
subsequent risk of MS were additionally investigated, 11 of
which were caused by viruses, 5 by bacteria and 2 by proto-
zoa (Fig. 3). Infections with herpes virus type 6 (HHV-6) and
varicella-zoster virus (VZV) were associated with a greater
likelihood of having MS (ES=2.84, 95% CI1=2.08-3.89 and
ES=1.33,95% CI=1.08-1.63, respectively). There was no
statistically significant association for any other pathogen.
The heterogeneity of the studies was high (I=95.179) and
a publication bias was detected (p=0.009).

Vaccines

Nine vaccines have been studied as potential risk factors
for MS (eFigure 1). Combining all studies, irrespective
of immunization type, immunization was associated with
MS diagnosis (ES=1.73, 95% CI=1.12-2.67). Among
all immunization types, only a tetanus immunization
prior to onset was associated with MS (ES=4.15 (95%
CI=2.89-5.96), but this data came from a single study. No
other vaccine has been associated in any way with MS. The
heterogeneity of the studies was high (/*=99.50%) and there
was a significant degree of publication bias (p < 0.001).



Journal of Neurology ~ (2025) 272:513

Page50f16 513

Fig. 1 PRISMA flowchart
PubMed

(n = 28,082)

Web of Science
(n =47,097)

SciVerse ScienceDirect
(n =98,098)

A

Identification

Records identified through database searching

(n = 173,277)

[

)

Eligibility Screening

Included

A4

Records after duplicates removed
(n=31,841)

Records excluded
(n =31,253)

v

Full-text articles assessed for eligibility
(n =588)

Full-text articles excluded (n = 456)
i) Same study population (n = 6)
i) Off-topic articles (n = 235)
iii)) Inaccurate methods (n = 21)

iv) Full-text not available (n = 27)
v) Other study design (n = 123)
vi) Patients with optic neuritis or CIS

prior to MS (n = 3)
vii) Demyelinating but not MS (n = 3)
viii) Not healthy controls (n = 1)
ix) Language criteria (n = 11)
X) Lack of essential data (n = 26)

A

Studies included in the systematic review

(n = 132)

Smoking

Smoking was associated with a greater likelihood of hav-
ing MS (ES=1.43, 95% CI=1.27-1.61) (Fig. 4). Studies
included both current smokers and former smokers. No sta-
tistically significant association was observed in the case
of passive smoking. The heterogeneity of the studies was
significant ( =93.74%). No publication bias was identified
(p=0.84).

Body mass index (BMI)

The studies available in the literature compared participants
classified within each of the body composition categories
(normal weight, overweight, obesity) with other subjects
belonging to different categories. The BMI was not associ-
ated with the proportion of cases of MS (ES=0.94, 95%
CI=0.85-1.04)—patients with normal weight, overweight

and obesity had similar effect sizes (eFigure 2). There was
no significant heterogeneity among the studies (F* =27.73%).
There was publication bias for this analysis (p <0.01).

Vitamin D

Vitamin D deficiency was associated with the occurrence
of MS (ES=1.51, 95% CI=1.10-2.06) (Fig. 5). Studies
assessed vitamin D levels at different time points prior to
diagnosis, and most did not specify them. Meta-regression
revealed that no other variable was associated with the out-
come. When measured as a continuous variable, vitamin
D levels were negatively associated with the proportion of
cases of MS and had a moderate pooled ES (g=-0.48 ng/
mL, 95% CI=-0.88 ng/mL,— 0.09 ng/mL) (eFigure 3). The
heterogeneity of the studies was not insignificant in both
analyses (I*=89.62% and I=98.42%). No publication bias
was identified (p =0.59 and p=0.32).

@ Springer
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Fig.2 Meta-analysis of the Treatment Control Odds ratio Weight

association between EBV and Study Yes No Yes No with 85% Cl (%)

MS EPSTEIN-BARR VIRUS
Bjornevik et al 801 1,566 154 0 —a——o 0.00[0.00, 0.03] 0.63
Langer-Gould e tal. 189 382 330 189 [ | 0.28[0.22, 0.36] 3.05
Ahlgren et al. 442 1,894 67 173 [ | 0.60[0.45, 0.81] 3.01
Perlejewski et al. 2 1 32 12 —a— 0.75[0.06, 9.05] 0.75
Souberbielle et al. 4 4 226 226 —— 1.00[0.25, 4.05] 1.57
Goulden et al. 27 45 628 1,193 | 1.14[0.70, 1.85] 2.81
Gustavsen et al. 84 106 672 984 [ ] 1.16[0.86, 1.57] 3.01
Grut et al. 630 624 40 46 | 1.16[0.75, 1.80] 2.87
Kofahi et al. 41 31 14 13 : 3 1.23[0.51, 298] 224
Lucas et al. 120 109 95 107 [ ] 1.24[0.85, 1.81] 2.94
Maple et al. 77 122 1 2 —a— 1.26[0.11, 14.16] 0.79
Goulden et al. 83 107 474 841 [ ] 1.38[1.01, 1.87] 3.01
Goulden et al. 148 201 784 1,472 [ ] 1.38[1.10, 1.74] 3.07
Martin et al. 170 116 44 44 [ ] 1.47[0.91, 2.37] 2.82
Bistrom et al. 600 568 70 102 [ ] 1.54 [ 1.11, 2.13] 2.99
Sundgvist et al. 114 161 678 1,490 [ ] 1.56 [ 1.20, 2.01] 3.05
Levin et al. 295 578 10 32 L 3 1.63[0.79, 3.37] 248
Bjornevik et al 53 62 654 1,271 [ | 1.66[1.14, 2.43] 294
de Villier e tal. 25 15 24 24 . 3 1.67[0.71, 3.92] 229
Alvarez-Lafuente et al. 26 19 31 38 L 3 1.68[0.79, 3.58] 243
Downham et al. 246 846 9,001 54,187 [ ] 1.75[1.52, 2.02] 3.12
Hedstrom e tal. 1,057 845 5578 8,035 [ | 1.80[1.64, 1.98] 3.14
Gianfrancesco et al. 308 97 927 600 [ ] 2.06[1.60, 2.64] 3.05
Siejka et al. 3 39 101 233 [ | 2.07[1.24, 3.46] 278
Bjornevik et al 146 136 807 1,581 [ ] 2.10[1.64, 2.70] 3.06
Briggs et al. 257 83 766 537 [ | 2.17[1.66, 2.85] 3.04
Munger et al. 217 422 5 22 = 2.26[0.85 6.06] 2.10
Haahr et al. 16 6,837 12 12,902 E 2.52[1.19, 5.32] 245
Pandit et al. 138 135 2 5 —— 2.56[0.49, 13.40] 1.31
Nejati et al. 83 62 4 8 - 2.68[0.77, 9.29] 1.75
Csuka et al. 130 310 5 35 3 294[1.12, 7.66] 214
Lezhnyova et al. 121 65 3 5 —— 3.10[0.72, 13.40] 1.50
Hedstrom et al. 4,843 3,174 1,497 3,045 [ ] 3.10[ 2.88, 3.35] 3.14
Bjornevik et al 43 41 201 603 [ | 3.15[1.99, 4.97] 285
Czarnowska et al. 137 39 4 5 —— 439[1.12, 17.14] 1.61
Mameli et al. 48 34 5 19 - 5.36[1.82, 15.78] 1.97
Dominguez-Mozo et al. 176 54 15 25 L 5.43[2.67, 11.04] 2.50
Dominguez-Mozo et al. 318 257 7 38 E 3 6.72[2.95, 15.29] 2.34
Mouhieddine et al. 242 186 7 44 . 3 8.18[3.60, 18.57] 2.34
Hernan et al. 37 16 264 1,400 | 12.26[6.72, 22.37] 2.66
Deeba et al. 133 95 0 6 —&—— 18.17[1.01, 326.47] 0.59
Myhr et al. 144 160 0 10 —&—— 18.91[1.10, 325.52] 0.61
Wagner et al. 107 147 0 16 —&—— 24.05[1.43, 405.30] 0.62
Karampoor et al. 82 M 0 9 —®——37.77 [ 2.15, 664.95] 0.60
Heterogeneity: 12 = 0.50, 12 = 95.17%, H? = 20.69 ’ 1.96[1.53, 251]

Test of 8, = 6;: Q(43) = 598.30, p = 0.00
Testof 6 =0:z =5.35, p =0.00

Overall \ 1.96[153, 251]
Heterogeneity: 12 = 0.50, I = 95.17%, H? = 20.69

Test of 8, = 6: Q(43) = 598.30, p = 0.00

Testof 6 =0:z=5.35, p =0.00

Test of group differences: Q,(0) = 0.00, p =.

T T T
1/8192  1/64 2 256

Random-effects REML model
Sorted by: _meta_es
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i 3 Treatment Control Odds ratio Weight
Flg' 3 Meta—analys1s of the Study Yes  No Yes No with 95% Cl (%%
association between infections CHLAMYDIA PNEUMONIAE
and MS Munger et al. 85 160 44 98 ‘ 1.18[0.76, 1.84] 1.10

1.18[0.76, 1.84]
cmv
Maple et al. 28 78 50 46 - 0.33[0.18, 0.60] 1.03
Gudmundsdottir et al. 26 31 16 " —a— 0.58[0.23, 1.46] 0.85
Bjornevik et al 342 707 613 859 L] 0.68[0.57, 0.80] 1.20
Sundqvist et al. 378 511 280 275 ] 0.73[0.59, 0.90] 1.18
Grutetal. 340 392 330 278 L} 0.73[0.59, 091] 1.18
Myhr et al. 91 17 53 53 - 0.78[0.49, 1.24] 1.09
Dominguez-Mozo et al. 105 37 86 42 - 1.39[0.82, 2.34] 1.07
Czarnowska et al. 104 29 37 15 - 1.45[0.70, 3.01] 0.96
Langer-Gould e tal. 331 194 188 377 n 3.42[2.67, 4.39] 1.18
Karampoor et al. 778 853 22 147 - 6.09[3.85, 9.64] 1.10
Karampoor et al. 790 923 10 77 - 6.59[3.39, 12.82] 0.99
‘ 1.28[0.71, 229
DIPHTERIA
Souberbielle et al. 3 6 227 224 0.49[0.12, 2.00] 0.62
‘ 0.49[0.12, 2.00]
ENTEROVIRUS
Kuusisto et al. [ 0 19 15 —_— 0.79[0.01, 42.38] 0.14
Perlejewski et al. 1 0 33 13 —_—— 1.21[0.05, 31.57] 0.19
‘ 1.02[0.08, 12.72]
HELICOBACTER PYLORI
Fabis Pedrini et al. 73 64 477 235 - 0.56[0.39, 0.81] 1.13
Lietal 39 36 66 49 - 0.80[0.45, 1.44] 1.04
Malli et al. 31 64 108 214 - 0.96[0.59, 1.56] 1.08
Long et al. 31 16 " " —— 1.94[0.69, 543] 0.79
’ 0.83[0.55, 1.23]
HHV-6
Kofahi et al. 47 34 8 10 —— 1.73[0.62, 4.84] 0.80
Grutetal. 263 166 407 504 L] 1.96[1.55 248 1.18
Lezhnyova et al. 79 32 45 38 - 2.08[1.15, 3.78] 1.03
Alvarez-Lafuente et al. 55 14 48 32 - 262[1.25, 548] 0.95
Dominguez-Mozo et al. 160 52 31 27 - 2.68[1.47, 490] 1.03
Keyvani et al. 245 218 18 45 - 2.81[1.58, 5.00] 1.04
Perlejewski et al. 3 0 31 13 e 3.00[0.14, 62.15] 0.22
Czarnowska et al. 131 35 10 9 —-— 3.37[1.27, 893] 0.82
de Villier e tal. " 2 38 37 — 5.36[1.11, 25.82] 0.55
Alvarez-Lafuente et al. 46 17 11 40 —-— 9.84[4.13, 23.46] 0.88
Alvarez-Lafuente et al. 16 0 47 63 ———=———44.12[ 258, 753.95] 0.24
’ 284208, 3.89
HSV-1/2
Myhr et al. 17 148 27 22 - 0.64[0.35, 1.19] 1.02
Czarnowska et al. 19 38 22 6 —-— 0.85[0.32, 226] 0.83
Souberbielle et al. 23 24 207 206 - 0.95[0.52, 1.74] 1.03
Ito et al. 46 50 13 14 - 0.99[042, 233] 0.89
Hawkes et al. 47 110 230 1,268 - 2.36[1.63, 3.41] 1.13
’ 1.10[0.66, 1.85]
HTLV
Rice et al. [ 0 201 29 ———=—— 0.15[0.00, 7.52] 0.14
‘ 0.15[0.00, 7.52]
MALARIA
Souberbielle et al. 3 3 227 227 —— 1.00[0.20, 5.01] 0.53
‘ 1.00[0.20, 5.01]
MEASLES
Wutayd et al. 63 283 244 24 -+ 0.02[0.01, 0.04] 1.08
Gusev et al. l 80 84 32 - 0.34[0.20, 0.57] 1.07
Abdollahpour et al. 142 316 405 4 L} 0.82[0.65, 1.04] 1.18
Hernan et al. 235 1,109 66 307 - 0.99[0.73, 1.33] 1.16
Souberbielle et al. 183 182 47 48 - 1.03[065 1.61] 1.10
Ramagopalan et al. 6,845 3401 7517 4,270 L] 1.14[1.08, 1.21] 1.21
Ghadirian et al. 108 97 92 105 - 1.27[0.86, 1.88] 1.13
Ahigren et al. 432 1,683 7 384 = 1.28[0.98, 1.67] 1.17
Alonso et al. 59 44 335 350 - 1.40[092, 2.13] 1.12
Shaygannejad et al. 120 62 416 337 - 1.57[1.12, 220] 1.15
Zonzent et al. 126 110 14 21 - 1.72[0.83, 3.54] 0.96
Bansil et al. 25 28 31 63 - 1.81[091, 3.62] 098
Ammitzboll et al. 42 22 50 50 - 1.91[1.00, 3.65] 1.00
Martinez-Sobrepera et al. 42 36 8 14 —— 2.04[0.77, 5.42] 0.82
Halawani et al. 16 16 64 144 &+ 225[1.06, 4.78] 0.95
Gudmundsdéttir et al. 34 24 8 18 —— 3.19[1.19, 852] 0.82
Malli et al. 18 12 121 266 - 3.30[1.54, 7.06] 0.94
Ascherio et al. 8 3 184 531 —— 7.70[2.02, 29.32] 0.64
Cendrowski et al. 78 821 2 169 —— 8.03[1.95, 32.99] 0.61
‘ 1.30[0.75, 2.25]
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Fig.3 (continued) MUMPS
Gusev et al. 34 45 121 67 - 0.42[0.24, 072] 1.06
Hays et al. 33 42 30 21 - 0.55[0.27, 1.13] 0.96
Bansil et al. 7 18 49 73 —— 0.58[0.23, 1.49] 0.84
Hernan et al. 178 880 128 536 - 0.88[0.68, 1.14] 1.17
Ramagopalan et al. 8,031 4,378 6,331 3,293 ] 0.95[0.90, 1.01] 1.21
Souberbielle et al. 101 102 129 128 = 0.98[068, 1.42] 1.14
Ahlgren et al. 439 1,739 70 328 L] 1.18[0.90, 1.56] 1.17
Ghadirian et al. 81 70 119 132 - 1.28[0.86, 1.92] 1.12
Gudmundsdottir et al. 28 24 14 18 —— 1.50[062, 3.64] 0.87
Alonso et al. 72 48 322 346 - 1.61[1.09, 239] 1.12
' 096[0.76, 1.21]
MYCOBACTERIUM AVIUM
Mameli et al. 12 2 M 51 —— 7.46[1.58, 35.25] 0.55
‘ 7.46[1.58, 35.25]
POLIOMYELITIS
Souberbielle et al. 3 0 227 230 - 7.09[0.36, 138.08] 0.23
‘ 7.09[0.36, 138.08]
RSV
Gudmundsdoéttir et al. 37 34 5 8 —a— 1.74[052, 5.84] 0.70
’ 1.74[0.52, 5.84]
RUBELLA
Gusev et al. 33 48 122 64 - 0.36[0.21, 0.62] 1.06
Zonzent et al. 75 74 65 57 - 0.89[0.55, 1.44] 1.09
Abdollahpour et al. 62 121 485 936 = 099[0.71, 1.37] 1.15
Ghadirian et al. 15 15 185 187 — 1.01[0.48, 213] 095
Ahigren et al. 410 1,642 99 425 L] 1.07[0.84, 137] 1.18
Ramagopalan et al. 5,339 2,720 9,023 4,951 u 1.08[1.02, 1.14] 1.21
Hernan et al. 180 821 121 595 ] 1.08[0.84, 1.39] 1.17
Souberbielle et al. 66 48 164 182 - 1.53[1.00, 234] 1.11
Alonso et al. 29 17 365 377 - 1.76[0.95, 3.26] 1.02
. 1.02[0.81, 1.29]
TOXOPLASMA GONDII
Koskderelioglu et al. 39 33 76 27 -+ 042[0.22, 0.80] 1.01
Stascheit et al. 55 79 110 86 L 3 0.54[0.35, 0.85] 1.10
. 050[035 0.72]
TUBERCULOSIS
Cendrowski et al. 18 22 282 278 - 0.81[0.42, 1.54] 1.01
Souberbielle et al. 12 7 218 223 —_— 1.75[0.68, 4.54] 0.84
Zonzent et al. 3 1 137 130 — 2.85[0.29, 27.72] 0.34
‘ 119[0.59, 2.40]
vzv
Gusev et al. 66 66 89 46 - 0.52[0.32, 0.85] 1.08
Bansil et al. 15 30 41 61 & 0.74[0.36, 1.55] 0.96
Myhr et al. 141 167 3 3 —— 0.84[0.17, 4.25] 0.53
Hernan et al. 251 1,202 50 214 = 0.89[0.64, 1.25] 1.15
Souberbielle et al. 138 143 92 87 L 091[0.63, 1.33] 1.13
Abdollahpour et al. 374 724 173 333 L] 0.99[0.80, 1.24] 1.18
Ahigren et al. 470 1,906 39 161 - 1.02[0.71, 1.47] 1.14
Zonzent et al. m 103 29 28 - 1.04[058, 1.87] 1.04
Alonso et al. 121 m 273 283 - 1.13[0.83, 1.54] 1.16
Cendrowski et al. 127 15 173 185 L} 1.18[0.85, 1.64] 1.15
Ramagopalan et al. 4,277 2,010 10,085 5,661 ] 119112, 1.27] 1.21
Perlejewski et al. 1 0 33 13 1.21[0.05, 31.57] 0.19
Halawani et al. 39 69 41 91 - 1.25[0.73, 2.15] 1.06
Czarnowska et al. 123 37 18 7 —-— 1.29[0.50, 3.33] 0.84
Gudmundsdéttir et al. 1 9 31 33 —a— 1.30[0.47, 357] 0.81
Wutayd et al. 167 132 140 175 = 1.58[1.15, 217] 1.15
Najafi et al. 78 82 4 7 —a— 1.66[0.47, 5091] 0.68
Malli et al. 75 113 64 165 - 1.71[1.14, 258 1.12
Lezhnyova et al. 109 56 15 14 - 1.82[0.82, 4.03] 0.92
Rodriguez-Violante et al. 84 66 42 91 - 276[1.69, 4.49] 1.08
Ito et al. 59 63 0 1 e 2.81[0.11, 70.36] 0.20
Khouy et al. 396 177 24 33 - 3.08[1.77, 5.36] 1.05
Horng Kang et al. 29 315,521 24 946,679 - 3.63[211, 6.23] 1.06
Kofahi et al. 54 31 1 13 —=—— 22,65[2.83, 181.51] 0.39
1.33[1.08, 1.63]
Overall 1.27[1.08, 1.48]
Heterogeneity: 12 = 0.53, |2 = 96.63%, H? = 29.65
Test of 8, = 8;: Q(106) = 872.61, p = 0.00
Testof 6 =0:z=2.96, p=0.00
Test of group differences: Q,(17) = 70.04, p = 0.00
1256 1/8 4 128

Random-effects REML model
Sorted by: _meta_es
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Fig_ 4 Meta—analysis of the Treatment Control Qdds ratio Weight
.. . Study Yes No Yes No with 95% CI (%)
association between smoking
and MS PASSIVE SMOKING
Abbasi et al. 75 149 585 272 —&— 0.23[0.17, 0.32] 2.14
Hedstrom et al. 670 605 641 404 - 0.70[0.59, 0.82] 2.33
Hedstrom et al. 1,232 2,436 1,223 2,900 = 1.20[1.09, 1.32] 2.39
Halawani et al. 43 76 37 84 — 1.28[0.75, 2.20] 1.74
Abdollahpour et al. 286 393 261 664 - 1.85[1.50, 2.28] 2.28
Abdollahpour et al. 285 390 262 667 - 1.86[1.51, 2.29] 2.28
Abdollahpour et al. 285 390 262 667 - 1.86[1.51, 2.29] 228
‘ 1,07 [0.61, 1.88]
SMOKING
Siddiqui et al. 14 29 68 53 —&—— 0.38[0.18, 0.78] 1.40
Abbasi et al. 65 63 595 358 —a— 0.62[0.43, 0.90] 2.04
Langer-Gould et al. 27 33 89 98 —— 0.90[0.50, 1.62] 1.66
Dehghan et al. 16 52 104 308 —— 0.91[0.50, 1.67] 1.62
Gatto et al. 111 14,782 103 12,874 —— 0.94[0.72, 1.23] 2.20
Sundstrom et al. 10 21 99 197 — 0.95[0.43, 2.09] 1.31
Abdollahpour et al. 108 214 439 843 —_— 0.97[0.75, 1.25] 222
Abdollahpour et al. 109 214 438 843 —— 0.98[0.76, 1.27] 222
Abdollahpour et al. 109 214 438 843 —— 0.98[0.76, 1.27] 222
Mouhieddine et al. 99 88 150 142 —— 1.06[0.74, 1.54] 2.05
Nordvelt et al. 34 7,823 53 14,489 —— 1.19[0.77, 1.83] 1.93
Wutayd et al. 77 67 230 240 —— 1.20[0.82, 1.74] 2.03
Mansouri et al. 285 159 932 628 - 1.21[0.97, 1.50] 2.27
Hedstrom et al. 272 561 423 1,074 - 1.23[1.02, 1.48] 2.31
Goulden et al. 294 439 263 509 — 1.30[1.05, 1.60] 2.28
Sundqvist et al. 365 382 293 404 - 1.32[1.07, 1.62] 2.29
Langer-Gould et al. 44 38 139 159 —— 1.32[0.81, 2.16] 1.83
Goulden et al. 538 843 394 830 -+ 1.34[1.14, 1.58] 2.34
Bjornevik et al 545 853 408 864 k3 1.835[1.15, 1.59] 2.34
Pekmezovic et al. 114 98 96 112 —— 1.36[0.92, 1.99] 2.02
Gianfrancesco et al. 606 286 629 411 - 1.38[1.15, 1.67] 231
Hedstrom et al. 3,563 2,920 2,777 3,299 n 1.45[1.35, 1.56] 2.40
Hedstrom et al. 1,300 2,324 1,155 3,012 | 1.46[1.33, 1.61] 2.39
Hedstrom et al. 517 888 385 967 - 1.46[1.25, 1.72] 2.34
Zonzent et al. 79 61 61 70 —— 1.49[0.92, 2.40] 1.85
Bjornevik et al 111 230 133 414 —— 1.50[ 1.11, 2.03] 2.16
Siejka et al. 85 143 51 129 —a— 1.50[0.99, 2.29] 1.95
Al-Afasy et al. 29 42 72 160 —— 1.63[0.89, 2.66] 1.72
Ghadirian et al. 138 119 62 83 —— 1.55[1.03, 2.34] 1.97
El-Muzaini et al. 18 12 92 98 e — 1.60[0.73, 3.50] 1.32
Bjornevik et al 354 510 353 823 - 1.62[1.35, 1.95] 2.31
Goulden et al. 343 489 312 749 - 1.68[1.39, 2.04] 231
Langer-Gould et al. 115 90 132 177 —— 1.71[1.20, 2.45] 2.07
Al-Shammrri et al. 53 24 142 122 —— 1.90[ 1.11, 3.25] 1.74
Jafari et al. 64 65 72 139 —— 1.90[1.22, 2.97] 1.90
Halawani et al. 19 20 61 140 — 2.18[1.09, 4.37] 1.46
Langer-Gould e tal. 95 53 424 518 —— 2.19[1.53, 3.14] 2.06
Dominguez-Mozo et al. 110 68 136 227 —— 2.70[1.87, 3.91] 2.04
Gustavsen et al. 386 295 370 795 - 2.81[2.31, 3.42] 2.30
Sakoda et al. 52 28 51 96 —®&—— 3.50[1.97, 6.19] 1.68
Ascherio et al. 54 50 138 484 —&— 3.79[247,582] 1.94
Stascheit et al. 64 23 101 142 —®—3.91[2.28, 6.72] 1.73
’ 1.43[1.27, 1.61]
Overall ‘ 1.37[1.20, 1.57]

Heterogeneity: 12 = 0.19, |2 = 93.74%, H? = 15.98
Test of 8, = 8;: Q(48) = 423.59, p = 0.00
Test of 6 =0: z=4.64, p=0.00

Test of group differences: Q,(1) = 0.98, p = 0.32

Random-effects REML model
Sorted by: _meta_es
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Fig_ 5 Meta—analysis Of the Treatment Control Qdds ratio Weight
.. . . Study Yes No Yes No with 95% CI (%)
association between vitamin D
DEFICIENCY
status and MS Kusumadewi et al. 8 20 21 13 —— 0.25[0.08, 0.72] 1.51
Eskandari et al. 39 42 6 3 —— 0.46[0.11, 1.98] 1.10
Pérez-Pérez et al. 6 10 47 48 —— 0.61[0.21, 1.82] 1.49
Munger et al. 18 39 14 25 —a— 0.82[0.35, 1.95] 1.79
Hedstrom et al. 426 410 6,643 6,222 L 0.97[0.85 1.12] 2.68
Langer-Gould et al. 60 65 56 66 - 1.09[0.66, 1.79] 2.31
Munger et al. 631 1,103 461 1,020 u 1.27[1.09, 1.47] 267
van der Mei et al. 10 16 126 256 —— 1.27[0.56, 2.88] 1.85
Munger et al. 69 114 188 400 - 1.29[0.91, 1.82] 2.50
Langer-Gould et al. 69 62 114 135 - 1.32[0.86, 2.01] 2.41
Skalli et al. 99 123 14 23 —— 1.32[0.65, 2.70] 2.00
El-Muzaini et al. 83 76 27 34 —— 1.38[0.76, 2.49] 2.18
Lonergan et al. 93 44 539 436 - 1.71[1.17, 250] 247
Shaygannejad et al. 15 9 35 41 —a— 1.95[0.76, 5.01] 1.68
Mouhieddine et al. 41 20 208 210 — 2.07[1.17, 3.65] 222
Pandit et al. 79 58 31 50 — 220[1.25, 3.85] 223
Langer-Gould et al. 61 26 186 241 - 3.04[1.85, 5.00] 232
Karampoor et al. 527 361 173 639 L} 5.39[4.35, 6.68] 2.63
Bettencourt et al. 162 53 82 145 & 5.40[3.58, 8.16] 2.43
’ 1.51[1.10, 2.06]
INSUFFICIENCY
Karampoor et al. 149 397 551 603 0.41[0.33, 0.51] 2.62
Langer-Gould et al. 20 36 96 95 —— 0.55[0.30, 1.02] 215
Mouhieddine et al. 86 104 163 126 - 0.64[0.44, 092] 248
Skalli et al. " 21 102 125 —— 0.64[0.30, 1.39] 1.92
Langer-Gould et al. 65 76 18 121 - 0.88[0.58, 1.33] 2.42
Langer-Gould et al. 31 34 216 233 - 0.98[0.58, 1.66] 2.28
Munger et al. 62 124 195 390 - 1.00[0.70, 1.42] 2.50
Pandit et al. 102 98 110 108 - 1.02[0.70, 1.50] 2.46
Wesnes et al. 113 180 840 1,537 = 1.15[0.89, 1.47] 2.60
van der Mei et al. 59 106 77 166 - 1.20[0.79, 1.82] 242
Pérez-Pérez et al. 27 25 26 33 —— 1.37[0.65 2.90] 1.95
Shaygannejadetal. 28 22 22 28 —-— 1.62[0.74, 3.57] 1.89
Kusumadewi et al. 12 9 17 24 —— 1.88[0.65, 5.46] 1.52
Bettencourt et al. 62 14 182 184 —— 4.48[2.42, 8.28] 215
Eskandari et al. 6 1 39 44 —=—6.77[0.78, 58.72] 0.64
’ 1.04[0.77, 1.42]
SUFFICENT
Eskandari et al. 0 2 45 43 0.19[0.01, 4.10] 0.36
Shaygannejad et al. 7 19 43 31 —a— 0.27[0.10, 0.71] 1.63
Mouhieddine et al. 25 240 205 —— 0.31[0.14, 0.67] 1.90
Munger et al. 17 58 240 456 - 0.56[0.32, 0.98] 222
Munger et al. 3 8 29 56 — 0.72[0.18, 2.94] 1.15
Langer-Gould et al. 85 ih 162 156 -+ 0.74[0.52, 1.05] 2.49
Munger et al. 65 160 1,027 1,963 L g 0.78[0.58, 1.05] 255
Langer-Gould et al. 91 104 92 93 - 0.88[0.59, 1.32] 2.44
van der Mei et al. 67 139 69 133 - 0.93[0.62, 1.40] 2.43
Pérez-Pérez et al. 27 23 26 35 —— 1.58[0.74, 3.36] 1.95
Wesnes et al. 68 75 885 1,642 - 1.68[1.20, 2.36] 2.51
Skalli et al. 3 2 110 144 —_— 1.96[0.32, 11.95] 0.83
Bettencourt et al. 20 224 191 —— 2.44[1.01, 589 1.76
Langer-Gould et al. 29 15 87 116 —— 2.58[1.30, 5.10] 2.05
Kusumadewi et al. 9 20 29 — 3.26[0.88, 12.07] 1.24
‘ 0.97[0.68, 1.39]
Overall ’ 1.19[0.98, 1.45]
Heterogeneity: 12 = 0.38, 12 = 89.62%, H2 = 9.63
Test of 6, = 6: Q(48) = 486.31, p = 0.00
Testof 6 =0:z=1.75,p =0.08
Test of group differences: Q,(2) = 4.06, p =0.13
17w 1 8
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Other environmental risk factors

There were 10 other potential environmental risk factors
described in the literature (Fig. 6). Having a vegetarian diet
was associated with a 5 to 6 times higher risk of developing
MS compared to not having a vegetarian diet (ES=5.73,
95% CI=3.22-10.21), but was only based on two studies.
Exposure to lead, or pesticides was also linked to the occur-
rence of MS (ES=1.63,95% CI=1.03-2.57 and ES=1.22,
95% CI=1.05-2.41, respectively), again, both based or
largely driving by a single study. Similarly, having immi-
grated or experienced homelessness was associated with
a higher risk of MS (ES=2.60, 95% CI=2.42-2.80 and
ES =4.60, 95% CI=2.17-9.73, respectively), again, both
based in single studies. Exposure to air pollution, radon gas,
pets and having experienced a war situation were not associ-
ated with a risk of developing MS. The heterogeneity of the
studies included in this subcategory was high (° =97.41%).
There was no publication bias among the studies (p=0.70).

Overall, there was significant heterogeneity in all analy-
ses, except for the analysis relating to BMI as a potential risk
factor. Publication bias seemed present for BMI and vacci-
nations. It is also important to acknowledge that this review
may have overlooked reverse causality and social determi-
nants of health. For instance, individuals with early prodro-
mal MS symptoms might modify their diet, or vaccination
may be more common in populations with better access to
healthcare. However, exploring the interplay between such
variables, besides being complex, should be addressed in a
separate original epidemiological study.

Discussion

This systematic review with a meta-analysis stands as the
most extensive assessment of environmental risk factors
for MS. Our approach involved not only summarizing all
the risk factors documented in original studies but also pre-
senting updated evidence regarding the magnitude of their
involvement in the etiopathogenesis of MS.

EBYV serostatus has been extensively examined concern-
ing their association with MS. Our review adds to the grow-
ing body of evidence underscoring the pivotal role of EBV
in MS (ES=1.96,95% CI=1.53-2.51) and aligns with find-
ings suggesting that EBV appears to be a necessary cause
(together with genetic susceptibility) [20, 21]. Recent stud-
ies have shed light on potential mechanisms underlying this
connection. Notably, the EBV-specific T cell receptor reper-
toire appears broader in MS patients, suggesting an ongoing
immune response to the EBV [22]. Additionally, antibodies
recognizing an EBNA-1 epitope exhibit cross-reactivity with
myelin basic protein in individuals with MS [23]. Consist-
ent with these observations, some case reports suggest that

antivirals targeting EBV may also show efficacy in allevi-
ating MS symptoms [24]. However, despite the wealth of
studies reviewed, several questions linger, including whether
EBV serves as a trigger or driver of MS.

Other biological agents have been investigated as
well. The pooled analyses revealed that previous infec-
tion by HHV-6 and VZV were associated with the risk of
MS (ES=2.84, 95% CI=2.08-3.89 and ES=1.27, 95%
CI=1.08-1.63). Our work is the first systematic review to
provide evidence of these associations. Both viruses belong
to the family of the human herpes virus, whose relationship
with the nervous system has been extensively demonstrated.
This group of viruses has a natural tropism for the nervous
system, where they remain latent until there is another trig-
ger for the exacerbation of the infection and activation of the
immune system [25]. Herpes viruses are thought to reside
in the sensory ganglia of the peripheral nervous system and
share transynaptic dissemination pathways into the central
nervous system (CNS) [26]. Once in the CNS, herpes virus
may directly induce demyelination and/or modulate biologi-
cal processes implicated in the remyelination, such as the
expression of human endogenous retroviruses and the pro-
duction of autoantibodies by molecular mimicry [27, 28].
Sotelo et al. suggested that VZV may play a specific role
in MS relapses, as VZV DNA was found in 95% of MS
patients during relapse and in 17% during remission [29].
This finding may support the hypothesis that this virus pro-
motes disease activity. T lymphocytes isolated from patients
with relapsing—remitting MS were induced to secret pre-
dominantly Thl cytokines when stimulated by the VZV
[30]. Lucas et al. found that the combination of EBNA IgG
and HHV-6-DNA positivity had a stronger association with
a first clinical diagnosis of CNS demyelination than either
alone. The risk also seemed to be directly associated with the
viral load [31]. Pietildinen-Nicklén et al. showed that sub-
jects with HHV-6 had significantly more oligoclonal bands
in their cerebrospinal fluid, which is a hallmark of MS [32].

When examining vaccinations, we found that any vacci-
nation could trigger an immune response potentially linked
to MS onset [33-35]. Among specific vaccines, tetanus
immunization was particularly associated with an increased
risk of MS. Nevertheless, in some case additional studies
may be needed to consolidate the evidence on the associa-
tion of specific vaccines and MS, as in the case of the anti-
tetanus vaccine, whose effect size comes from a single study
whose primary object of investigation was not this vaccine
specifically.

People who actively smoke were almost 50% more likely
to be diagnosed with MS than non-smokers. The effect
size found in this review could consolidate the evidence of
smoking as a risk factor for MS, as indicated in the review
carried out more than 10 years ago [36]. Supporting these
observations, Manouchehrinia et al. estimated that 13% of
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Fig_ 6 Meta—analysis Of the Treatment Control QOdds ratio Weight
.. . Study Yes No Yes No with 95% CI (%)
association between other envi-
tal risk fact dMS AIR POLLUTION

ronmentaf risk tactors an Hedstrom e tal. 5,054 6,672 1,581 2,208 ] 1.06[0.98, 1.14] 4.06
Boru et al. 31 32230 10 25549 —— 2.46[1.20, 5.01] 347
Scartezzini et al. 470 209,970 40 113,647 - 6.36[4.60, 8.78] 3.93

i 253[0.88, 7.29]

HOMELESSNESS PERIOD
Abdollahpour et al. 23 10 524 1,047 . 460[217, 9.73] 3.41

- 460[2.17, 9.73]

IMMIGRATION
Rotstein et al. 1,420 2,206,331 1,593 6,443,627 ] 260[2.42, 280 4.06
260242, 2.80]

LEAD EXPOSURE

Napier et al. 36 54 181 442 - 1.63[1.03, 2.57] 3.80
o 1.63[1.03, 2.57]
MERCURY EXPOSURE
Abbasi et al. 2 3 658 418 ——&——— 0.42[0.07, 2.55] 1.94
Napier et al. 25 36 192 460 —a— 1.66[0.97, 2.85] 3.70
el 1.11[0.33, 3.77]
PESTICIDES
Casetta et al. 12 18 92 132 —— 0.96[0.44, 2.08] 3.37
Parron et al. 333 799,684 350 1,033,285 ] 1.23[1.06, 1.43] 4.04
¢ 1.22[1.05, 1.41]
PETS EXPOSURE
Abbasi et al. 42 13 618 308 W 0.19[0.13, 0.27] 3.88
Survey et al. 10 23 12 14 0.51[0.17, 1.48] 293
Read et al. 56 57 16 15 0.92[0.42, 2.04] 3.35
Alonso et al. 110 114 284 280 0.95[0.70, 1.30] 3.94
Casetta et al. 76 11 28 39 0.95[0.54, 1.68] 3.67
Bansil et al. 25 38 31 53 1.12[0.57, 2.20] 3.53
Flodin et al, 33 168 50 299 1.17[0.73, 1.90] 3.77
Hernan et al. 267 1,217 34 199 1.28[0.87, 1.89] 3.87
Siddiqui et al. 4 3 78 79 1.35[0.29, 6.23] 2.26
de Jong et al. 136 200 15 35 1.59[0.83, 3.02] 3.57
Frutos-Alegria et al. 26 79 1 69 2.06[0.95 4.48] 3.38
Zonzent et al. 107 57 33 74 421[250, 7.09] 3.72
Cook et al. 26 16 3 13 7.04[1.73, 28.59] 2.44

1.18[0.73, 1.90]

RADON GAS EXPOSURE
Fathabadi et al. M 89 4 1 1.27[0.38, 4.22] 272

1.27[0.38, 4.22]

VEGETARIAN DIET
Malli et al. 33 16 1038 262
Dehghan et al. 8 3 112 357

525[277, 9.94] 357
8.50[2.22, 32.58] 2.52
5.73[3.22, 10.21]

WAR EXPERIENCE

) ths } ’W*\”“‘”

El-Muzaini et al. 59 71 51 39 0.64[0.37, 1.09] 3.70
Al-Shammri et al. 127 71 68 75 1.97[1.27, 3.06] 3.82
Al-Afasy et al. 87 57 14 145 —=— 15.81[8.32, 30.05] 3.57
et 2.68[0.43, 16.79]
Overall ‘ 1.70[1.20, 2.40]

Heterogeneity: 12 = 0.76, I = 97.41%, H? = 38.55
Test of 6, = 6: Q(28) = 638.01, p = 0.00
Test of 8 = 0: z=3.00, p =0.00

Test of group differences: Q,(9) = 107.34, p = 0.00

Random-effects REML model
Sorted by: _meta_es
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the MS risk in Sweden is accounted for by smoking status
[37]. Similar studies should be conducted in countries with
varying smoking prevalence to better understand the true
impact of smoking avoidance on MS risk. In parallel, some
studies also demonstrated that smoking may accelerate the
progression of MS [38] and increase the risk of conversion
to clinically definite MS in patients with clinically isolated
syndrome [39]. Notwithstanding, there is a lack of studies
dedicated to exploring the underlying mechanism behind
the relationship between smoking and MS [40]. In general,
smoking is known to enhance the inflammatory response,
increase the levels of proinflammatory cytokines and pro-
mote oxidative stress and specific epigenetic mechanisms
that may the homeostasis of the central nervous system [41].

Obesity was not linked to MS in our study. There may
be some reasons for the lack of a significant association.
First, obesity is known to promote a systemic state of inflam-
mation that is not specific to the cells of the nervous sys-
tem [42]. Secondly, few studies provide detailed informa-
tion on when BMI was measured and how it changed over
time, which may introduce a major methodological flaw. In
addition, neurological diseases that are clearly affected by
obesity, such as stroke and dementia, usually manifest late,
suggesting that the association may require a long period of
exposure to be observed [43, 44]. Indeed, the lack of deter-
mination of the exact exposure period to a specific risk factor
has been identified as one of the most common methodo-
logical flaws. In line with this possible explanation, there
are many results that found a positive association between
MS and obesity when the BMI was calculated in childhood
[45]. Finally, the association may not be strong enough in
real-world situations, where multiple confounding variables
interact simultaneously.

Vitamin D levels were associated with MS: the lower the
serum levels of serum 25-hydroxyvitamin D, the greater the
risk (Hedges’s g=-0.48, 95% CI=-0.88, — 0.09). Vitamin
D is recognized for its immunoregulatory effects on both
innate and adaptive immunity, as documented by Gombash
et al. [46]. In the context of the nervous system, vitamin D
plays a role in regulating calcium-mediated neuronal exci-
totoxicity, decreasing oxidative stress, and promoting the
synthesis of synaptic structural proteins, neurotrophic fac-
tors, and essential neurotransmitters [47]. Moreover, vitamin
D assessment is considered analogous to the evaluation of
factors such as latitude and sun exposure. This is primarily
because these variables are closely linked to vitamin D lev-
els, which is, in fact, the most plausible explanation for why
some studies have previously found a relationship between
latitude, sun exposure, and patients with MS [48, 49]. The
proportion of people with MS classified as vitamin D defi-
cient was also correlated with the proportion of cases of the
disease (ES=1.51 ng/mL, 95% CI=1.10 ng/mL, — 2.06 ng/
mL).

Many other environmental risk factors have been studied
in MS. The vegetarian diet may play a role in the develop-
ment of MS (ES =5.73, 95% CI1=3.22-10.21), although the
analysis was based on only two studies. The dietary pattern
in general is known to have the potential to interact with
the immune system [50], however, the impact of specific
diets on the nervous system remains unclear. Indeed, we
found a surprisingly association between MS risk and veg-
etarian diet. Preliminary evidence found the role of diet as
a modulator of inflammatory neurological diseases [51]. A
healthy diet could reduce the risk of MS [52]. Undoubt-
edly, this should guide the direction of future cohort and
case—control studies. Environmental exposure to lead and
pesticides were found to influence the MS risk (ES=1.63,
95% CI=1.03-2.57 and ES=1.22, 95% CI=1.05-1.41),
although the evidence came from only a few studies. This
association is supported by many publications that docu-
mented the multiple neurotoxic effects of heavy metals and
chemical substances [53, 54]. Moreover, these observations
are in line with the results of a recent meta-analyses that
demonstrated the same associations in the occupational
setting [55]. However, it is important to note that only one
study investigated exposure to lead, and two studies exam-
ined exposure to pesticides. Immigration and homelessness
experiences are adverse social experiences and as so, they
may act as triggers to autoimmune diseases (ES =2.60,
95%CI1=2.42-2.80 and ES =4.60, 95% CI=2.17-9.73)
[56, 57]. Unfortunately, only one study investigated each of
these exposures. However, they can be considered as situa-
tions that naturally make individuals susceptible to various
environmental risk factors, especially biological ones, that
may be involved in the risk of MS [58]. These findings guide
the scope of future studies since the current evidence comes
from few studies. Furthermore, for all these risk factors, the
quantification and duration of exposure are still crucial to
consolidate the knowledge about their real influence on the
risk of developing MS, as these data have not been explored
in any publication.

Respecting the rigor of the scientific method, it is impor-
tant to acknowledge the inherent limitations of our study,
although many of which are intrinsic to the study design
of a systematic review with meta-analysis. Our effect size
calculations could not account for confounding factors in the
included studies, as this requires knowledge of the number
of participants within each stratum of the confounder—a
detail not publicly available. The inability to account for
reporting bias in each study may introduce a significant limi-
tation to the review. Another common non reported informa-
tion was the duration of exposure which may be critical for
some variables such as smoking. The quantitative analysis
might also fail to fully capture the impact of methodologi-
cal flaws identified individually. Furthermore, the lack of
accurate consideration for time-varying factors, such as
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obesity—which likely has a time-dependent effect—could
introduce another source of bias. Overall, substantial hetero-
geneity was observed, warranting caution in interpreting our
results. Nevertheless, we addressed this issue by grouping
studies into subgroups and excluding those with methodo-
logical uncertainties. Limiting the risk factors to be assessed
during adulthood may influence the interpretation of the role
of each variable. However, we decided to perform a sepa-
rate study with childhood and adolescence risk factors as
we understand they may act differently on the risk of MS,
especially when MS also manifests in these periods (Pedi-
atric-Onset MS). Finally, it is important to note that some
effect sizes were derived from a limited number of studies,
necessitating a more nuanced interpretation of the results.

Conclusions

This comprehensive review furnishes a broad and detailed
overview of the potential environmental risk factors asso-
ciated with MS. Some exposures (EBV, smoking, vitamin
D) are consistently associated with MS and merit further
prospective or mechanistic study. Our review highlighted
other environmental risk factors potentially linked to MS
that should undoubtedly stimulate further studies. Overall,
our findings hold notable implications for public health poli-
cies, clinical practices, and the focus of future research. MS
is a multifactorial disease, but growing evidence confirms
that environmental risk factors may play an important role in
the pathogenesis of the disease. Ultimately, this study takes
us strides closer to formulating effective strategies for the
prevention and management of MS.
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