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Abstract
[bookmark: _Hlk189645644]Multiple sclerosis (MS) is frequently diagnosed in women of childbearing age. This case-malformed control study evaluated the risk of congenital anomalies (CA) associated with maternal MS and Disease-modifying treatments (DMTs) exposure using data from the EUROmediCAT central database, including major CA (registrants) from livebirths, fetal deaths from 20 weeks gestational age and pregnancy terminations for fetal anomaly, born 1995-2020. We explored associations between specific CA and (1) maternal MS and (2) first-trimester exposure to MS DMTs among pregnancies with MS. Exposure among non-genetic CA was compared with malformed controls (other non-genetic anomalies or genetic conditions). CA subgroups with ≥3 exposed cases were analyzed. Adjusted Odds Ratios  (aROR) with 95% Confidence Intervals (95% CI) were estimated. Among the 210,223 registrants in the study population, 108 were from mothers with MS, with 14 exposed to glatiramer acetate and 10 to interferon beta-1a. Compared with non-genetic controls, maternal MS was more frequent among registrants with gastroschisis (aROR 8.30; 95% CI: 2.82-24.46 based on 3 cases). Increased frequencies were also observed for transposition of the great arteries and orofacial clefts, but RORs were not statistically significant after multiple testing correction and could reflect chance findings. Among women with MS exposed to glatiramer acetate or interferon beta-1a in the first trimester, only congenital heart defect subgroups were analyzed and no significant association was observed. While these findings support existing evidence of no increased teratogenic risk, they should be interpreted cautiously given the small number of cases. Larger studies are needed to confirm these findings.
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Introduction
[bookmark: _Hlk189755893]Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system characterized by inflammatory demyelination and axonal degeneration, resulting in neurological impairment and progressive disability [1]. MS often follows a relapsing-remitting course, with unpredictable episodes that can be severely disabling [2]. Disease-modifying treatments (DMTs) can prevent further relapses and slow the progression of the disease [3]. 
Women are 2 to 4 times more likely to be affected than men, and are usually diagnosed during their childbearing years [4–6]. In Europe, between 2015 and 2019, 2 to 4 women of childbearing age per 1,000 were estimated to have multiple sclerosis [7]. While pregnancy has been associated with a significant reduction in MS relapse rates, likely due to immunological adaptations that occur during gestation, an increase in disease activity is frequently observed after delivery, requiring careful management [8]. Current evidence does not indicate that the disease increases the risk of adverse pregnancy outcomes [1,9–14]. Regarding the risk of congenital anomalies (CA), most studies provide reassuring results [10–18]. However, the potential impact of maternal MS on the risk of specific groups of CA remains largely underexplored.
Managing DMT exposure during pregnancy requires balancing the risks of treatment to the fetus with the risks to the mother associated with discontinuation of treatment [9]. To date, few studies have sufficient data to evaluate the risk of specific CA and DMT in pregnancy. Despite this, for the sake of good patient care, commonly used DMTs for MS management, such as glatiramer acetate and interferon beta-1a which do not cross the placenta, have been considered relatively safe during pregnancy [1,3,8,9,19–25]; these treatments are often continued until pregnancy is confirmed to limit disease activity and, if needed, are  maintained throughout pregnancy for women with high disease activity [1,3,8,9]. By contrast, natalizumab, anti-CD20 therapies (ocrelizumab, rituximab) and newer treatments like cladribine and alemtuzumab are considered with caution [1]. In addition, despite conflicting results, fingolimod and teriflunomide are contraindicated during pregnancy due to their suspected teratogenic effects [1,26,27]. Most of the recommendations on DMTs use during pregnancy are based on observational evidence and expert consensus due to the ethical and practical limitations of conducting randomized comparative trials  in pregnant women [1]. 
In this study, we utilized a large population-based database, involving several countries across Europe to provide additional data to investigate whether maternal MS and MS DMT exposure during the first trimester of pregnancy could be associated with specific CA.
2. Methods
Data source and study population
This international multicenter study involved the participation of 12 European countries. We included data from 15 registries from EUROCAT, the European network for surveillance of CA, participating in EUROmediCAT, the European research consortium dedicated to improve medication safety in pregnancy and one health care database (EFEMERIS, France). Supplementary table 1 shows the list of the participating registries and health care database, the years and number of births covered, along with the number of CA. The EUROmediCAT central database contains information about medication exposure during the first trimester of pregnancy. We included data from a population covering more than 12 million births between 1995 and 2020. The study population comprised all cases of major CA occurring in live births (LB), of fetal deaths (FD) at ≥ 20 completed weeks gestation, and terminations of pregnancy following prenatal diagnosis of fetal anomaly (TOPFAs) at any gestational age. Most registries contributing to the EUROmediCAT central database maintain records of CA diagnosed up to at least 1 year after birth. All information regarding these cases is securely transmitted to the central database in an anonymized format (https://www.euromedicat.eu/data/databases). 
Information on medication exposure during the first trimester was primarily obtained from maternity records. Additional data sources included: infant medical records, general practitioner records, pregnancy passports, and maternal interviews conducted before or after birth. For some registries we were able to obtain information on prescription or dispensing records (Valencian Region, Emilia Romagna and Tuscany registries) and dispensing data (EFEMERIS health care database) during the first trimester of pregnancy. In addition, Northern Netherlands obtains information from the pharmacy (dispensing data) and combines this with a maternal questionnaire (actual use of medication from pharmacy and use of over the counter medications). All medication exposures in the first trimester are recorded using the World Health Organization’s Anatomical Therapeutic Chemical classification system (ATC). 
Study design
We conducted a case-malformed-control study using the EUROmediCAT database. Two main analyses were performed to explore potential signals associated with (1) maternal MS and with (2) exposure to each MS DMT in pregnancies with MS. 
For each analysis, a single non-genetic EUROCAT subgroup of CA was considered to be the “case group”. Two control groups were used: (i) “Non-genetic controls” were the remaining babies/fetuses with non-genetic CA after exclusion of the specific CA being analyzed as the case group and of any subgroup at a hierarchical level above; (ii) “Genetic controls” included genetic syndromes, chromosomal anomalies and pathogenic copy number variations such as microdeletions. Specifying a genetic control group, which cannot have been caused by environmental teratogens, is a commonly used approach in studies conducted within the EUROmediCAT database  [28]. 
To avoid confusion between case and control groups, the term “registrants” will refer to all major CA, while “cases” will refer specifically to the CA subgroup being analyzed.
[bookmark: _Hlk124859559]Data set exclusions
Registrants were excluded if maternal use of known major teratogens during the first trimester of pregnancy was reported (n=569 registrants), using the ATC codes: valproic acid (N03AG01), valpromide (N03AG02), retinoids for treatment of psoriasis (D05BB), retinoids for treatment of acne (D10BA), alitretinoin (D11AH04), mycophenolic acid (L04AA06), thalidomide (L04AX02), oral anticoagulants (B01AA), and antimycotics (L01A, L01B, L01C). Also, registrants with only minor anomalies, including isolated hip dislocation anomalies (n=6,199 registrants) were excluded. For some registries specific exclusion were made:
· TOPFAs from the Emilia Romagna (n=2,121 registrants) and Valencian Region registry (n=2,037 registrants), as it was not possible to link medications data to women having TOPFAs due to privacy issues;
· Years from 1995-2002 and 2014-2020 in the Tuscany registry, as prescription data were only available from 2003-2013 (n= 8,622 registrants);
· Years without registrants with maternal MS in any registry (1995-1997; n=3,415 registrants)
· [bookmark: _Hlk227940024]Registry without any registrant with maternal MS (Wielkopolska, Poland; n=20,960 registrants)
Exposure definition
2.1.1. Maternal MS
Registrants were considered exposed if the mother had (i) an MS diagnosis recorded with ICD-10 code G35 or ICD-9 code 340, either before or during pregnancy, or (ii) if the use of an MS-specific DMT (i.e. DMTs indicated only for MS) was recorded during the first trimester. MS-specific DMTs and the corresponding ATC codes used are listed in Supplementary table 2.
2.1.2. Exposure to MS DMTs
[bookmark: _Hlk176945550]Exposure to MS DMTs was defined as use or dispensing of DMTs indicated for the treatment of MS, during the first trimester of pregnancy (from the first day of the last menstrual period to the end of gestational week 12). We included the DMTs indicated only for MS (MS-specific DMTs) and those indicated for MS and other diseases (non-specific DMTs). These DMTs and the corresponding ATC codes are listed in supplementary table 2. All participating registries verified individually DMT exposure, first trimester timing and CA of the exposed registrants.
Statistical analyses
2.1.3. Descriptive analyses
[bookmark: _Hlk195779413]Characteristics of the study population were described in categories: registry, year of birth ([1998-2003], [2004-2009], [2010-2015], [2016-2020]), age of the mother at birth (<20, [20-24],[25-29],[30-34], [35-39] , >39 years), birth type (LB, FD and TOPFA), sex of the fetus/child, length of gestation in livebirths (<28, [28-31], [32-36], [37-41] and > 41 weeks), low birth weight in livebirths (<2500 grams ), multiple birth and MS diagnosis. Categorical variables were described as numbers with percentages. 
Finally, we conducted a case series to describe the characteristics of registrants with maternal MS. The analysis included details such as type of CA, classification of the anomaly (isolated anomaly, multiple CA or genetic), DMTs exposure, and additional medications taken during the first trimester. 
2.1.4. Signal detection analysis
We conducted two signal detection analyses using logistic regression models. The first one aimed at comparing the proportion of registrants having a mother with MS in a specific CA subgroup (case group), with the proportion of registrants having a mother with MS in all other CA subgroups (control groups). The second signal detection analysis aimed at identifying potential signals associated with exposure to each MS DMT (all MS-specific and non-specific DMTs, supplementary table 2) in women with MS, the non-exposed group contained registrants with maternal MS not exposed to the DMT analyzed. 
We estimated Reporting Odds Ratios (RORs) and the 95% confidence interval. RORs were subsequently adjusted for registry, birth year, and maternal age (aRORs). For each CA subgroup, we considered a significantly increased aROR compared with the non-genetic control group as a signal. For the signal detection analyses exploring the association between maternal MS and specific CA subgroup, only RORs with p-values remaining significant after adjustment for multiple testing were retained as signals. We performed complete case analyses, therefore registrants with missing data for any of the adjustment covariates were excluded from the multivariable analyses. For the analysis of CA subgroups with less than or equal to 5 exposed cases, a bias correction was performed using the Firth method [29]. Only CA subgroups where the number of exposed registrants was equal to or higher than 3 were analyzed. P-values were adjusted for multiple testing using the False Discovery Rate (FDR) method [30] when more than 10 tests were performed. 
2.1.5. Sensitivity analyses
[bookmark: _Hlk188626773]For the signal detection analyses exploring the association between maternal MS and specific CA subgroup, we excluded the Poland registry, due to concerns about underreporting and data representativeness, as it accounts for 54% of all cases but shows low CA prevalence (1.7%) and few exposed cases (<3). 
A 2-sided 5% level of significance was applied. All statistical analyses were conducted in R studio version 2023.03.1. 
3. [bookmark: _Hlk224826922]Results 
Study population
The initial study population consisted of 254,146 registrants affected by CA, from a population of 14 301 228 births in 15 different registries across Europe and one healthcare database, over a 26-year period (1995-2020) (supplementary Table 1). After applying exclusion criteria, the final dataset included 210,223 registrants (Figure 1). This population comprised 181,335 registrants with non-genetic CA and 28,888 with genetic CA. Among these, 86 and 22 registrants, respectively, had mothers who were identified with MS during or before pregnancy.
Characteristics of the study population
We identified 108 registrants with maternal MS. Most of the registrants exposed to maternal MS in our study came from the registry of Paris, France (n=17, 15.7%) followed by Northern Netherlands (n=16, 14.8%). The largest proportion of registrants exposed to MS was recorded between 2016 and 2020 (n=42, 38.9%). Most women with MS were between 30 and 34 years old (n=48, 44.9%) at the time of birth. Additional details are provided in Table 1.
Of the 108 registrants with maternal MS, 65 reported taking at least one medication, of which 35 reported taking at least 1 MS-DMT (specific and non-specific), and among these, 31 reported taking at least 1 MS-specific DMT (indicated only for MS) during the first trimester of pregnancy. Of the MS-specific DMTs, the most frequently recorded were glatiramer acetate (13.0%) and interferon beta-1a (9.3%) (Table 2). Individual characteristics of registrants with maternal MS are described in the case series (supplementary table 3). 
Signal detection analyses
3.1.1. [bookmark: _Hlk224826843]CA subgroups associated with maternal MS
[bookmark: _Hlk189657191]Twenty different CA subgroups with more than 3 cases exposed to maternal MS were tested. After adjusting for multiple comparisons, maternal MS was more frequent among registrants with gastroschisis compared with both non-genetic controls (aROR 8.30, 95% CI 2.82–24.46) and genetic controls (aROR 12.58, 95% CI 3.91–40.41), based on 3 registrants with maternal MS among 12,502 gastroschisis cases (Figure 2, supplementary table 4). 
In addition, compared with non-genetic controls, increased aRORs were observed for transposition of great arteries (aROR 3.01, 95% CI 1.02-8.89) and orofacial clefts (aROR 2.27, 95% CI 1.20-4.29), including cleft lip with or without cleft palate (aROR 2.29, 95% CI 1.05-5.00) (Figure 2, supplementary table 4). These associations were statistically significant before, but not after correction for multiple testing, and should therefore be interpreted cautiously as potentially due to chance. Comparable effect estimates were observed when using genetic controls, with RORs of 2.37 (95% CI 0.75–7.56), 2.10 (95% CI 0.98–4.48), and 2.27 (95% CI 0.93–5.51), respectively for transposition of great arteries, orofacial clefts, and cleft lip with or without cleft palate, although the corresponding associations did not reach statistical significance.
The sensitivity analysis excluding Poland registry provided similar results (supplementary table 5). Due to the very small number of exposed cases, exclusion of DMT-exposed registrants in a sensitivity analysis was not feasible, which limits our ability to determine whether the observed associations were driven by treatment exposure or other factors.
3.1.2. CA subgroups associated with DMTs exposure in women with maternal MS
[bookmark: _Hlk199923047]Among registrants with maternal MS, 14 were exposed to glatiramer acetate and 10 to interferon beta-1a (Table 2). Among CA subgroups, only congenital heart defects (CHDs) had at least 3 cases exposed to either treatment. We were only able to test associations between exposure to glatiramer acetate and three CA subgroups i.e. the overall CHD subgroup, and two distinct categories: severe CHDs and ventricular septal defects (VSDs). For interferon beta-1a, we were only able to test associations with the overall CHD subgroup. In addition, because of the limited number of exposed registrants in the genetic control group, comparisons were made only with non-genetic controls. No signal was found for CHDs with first trimester exposure to glatiramer acetate or interferon beta 1 among registrants with maternal MS (Table 3). 
4. Discussion
Among the 210,223 registrants included in the study population, 108 had mothers who were identified with MS during or before pregnancy, of which 14 were exposed to glatiramer acetate and 10 to interferon beta-1a during the first trimester of pregnancy. Compared with non-genetic controls, maternal MS was more frequent among registrants with gastroschisis. Among registrants with maternal MS, first trimester exposure to glatiramer acetate or interferon beta-1a was not associated with CHDs.  
In our study, maternal MS was approximately eight times more likely in fetuses/children with congenital gastroschisis than in non-genetic and genetic controls. However, this association is based on only three gastroschisis cases from registrants with maternal MS, results should therefore be interpreted with caution. In addition, due to the low number of cases, it was not possible to disentangle whether results were driven by the maternal disease itself or by exposure to DMTs. This association has not been reported in the literature to date, although to our knowledge, studies on this subject have focused on the overall risk of malformations and not specifically on gastroschisis [10–18]. While some risk factors for gastroschisis, such as low maternal age, poor nutrition, stress, alcohol, smoking, urinary tract or sexually transmitted infection in early pregnancy have been identified, its causes remain largely unknown [31–35]. However, an association between maternal immune-related diseases and abdominal wall defects has been reported, indicating a possible link between immune disorders and these anomalies that warrants further exploration [36]. 
In addition, among registrants with maternal MS, we did not observe any statistically significant association between first trimester exposure to glatiramer acetate or interferon beta-1a and CHDs. This result aligns with the existing body of evidence, which has largely demonstrated a reassuring safety profile for glatiramer acetate and interferon beta-1a during pregnancy [19–24,37,38]. Nevertheless, these results should be interpreted with caution due to the small sample size and low statistical power in our study. It should also be noted that published data on this topic are scarce, and most available studies have focused on overall CA rather than specific subgroups such as severe CHDs or VSDs [19,22,24].
The main strength of our study is the use of a large, international, population-based database from EUROmediCAT, which includes comprehensive data on CA among LB, FD from 20 weeks of gestation, and TOPFAs. Multiple sources of ascertainment are used to identify CA, ensuring precise descriptions and accurate classification into specific subgroups. The standardized and harmonized coding of CA and maternal medication exposure enhances the quality and comparability of the data across multiple European registries. Another notable strength is use of prescription records to capture medication exposure in certain registries, such as those in Valencian Region, Tuscany and Emilia Romagna as well as EFEMERIS, enhancing the reliability of exposure assessment. Moreover, the inclusion of registries from diverse geographic regions increases the generalizability of our findings to the broader European population.
Despite these strengths, our study has several limitations. First, maternal disease is underreported in the EUROmediCAT database, possibly leading to underestimation of associations between maternal MS and CA. In addition, many CA subgroups included only a small number of cases exposed to MS treatments, leading to limited statistical power and wide CIs for some associations. This limitation is particularly relevant for rare anomalies, such as gastroschisis, where results are based on very few cases and should be interpreted with caution. Overall, the low number of observed CA cases may result from underreporting, but may also reflect a low teratogenic risk associated with the disease and/or the medications. Another limitation is the lack of detailed information on maternal disease severity, timing, dosage, and duration of medication use, which prevents a more granular analysis and limits our ability to disentangle the effects of maternal MS from those of DMTs. Lastly, residual confounding by unmeasured factors, such as unrecorded maternal comorbidities or concurrent medication use, cannot be excluded given the observational nature of the study. 
In conclusion, our study suggests potential associations between maternal MS and gastroschisis, but the small number of cases necessitate cautious interpretation of these results and further studies providing more data are essential to validate these results. Maternal MS was also more frequent among registrants with transposition of the great arteries and orofacial clefts but these associations were not statistically significant after correction for multiple testing and may therefore reflect chance findings. In addition, we observed no significant association between 1st trimester exposure to glatiramer acetate or interferon-beta-1a and CHDs among registrants with maternal MS, providing reassuring results in line with the literature. This study highlights the inherent challenges of studying rare outcomes, such as CA, in the context of a rare disease like MS, even at the European level. In the meantime, our findings contribute to the growing body of evidence in this area. Further large-scale studies are needed to better assess potential associations between maternal MS, MS DMT exposure, and specific CA.
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